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Microbial conversion of hydrocarbons and other aromatic compounds has been 
studied extensively under various electron accepting conditions, by investigating 
cultured microorganisms and by using samples collected directly from diverse 
environments. However, the functions of the principal microbial organisms taking part 
in the biodegradation process are not fully understood, especially when the 
organisms comprise complex microbial communities. 
The focus of the research reported here is the identification of a microbial community 
enriched during methanogenic benzoate degradation using inocula from two 
contrasting environments, river sediment and oil sands. Benzoate is a monoaromatic 
compound used extensively as a model compound in studies of hydrocarbons and 
other aromatics. The microorganisms which were most abundant and which had 
been shown by earlier work to take part in syntrophic benzoate degradation were 
investigated. Their functional potential was also investigated using metagenomic 
approaches. 
It was found that enrichments from different environments contained different 
microbial communities, different members of which were thought to take part in the 
syntrophic degradation of benzoate. In benzoate enrichments with Tyne sediment, 
two types of methanogen were enriched: hydrogenotrophic Methanofollis and 
acetoclastic Methanosaeta. In contrast, in oil sands enrichments with benzoate, the 
most abundant methanogens were metabolically versatile Methanosarcina spp. The 
primary benzoate degrader in enrichments with Tyne sediment was Syntrophus, most 
likely Syntrophus aciditrophicus as was suggested by 99% sequence identity. In oil 
sands enrichments the supposed primary benzoate degrader was an unknown 
species of Desulfotomaculum. Syntrophic acetate oxidisers (e.g. Syntrophomonas) 
were not found in abundance in Tyne sediment cocultures with benzoate. Instead, 
the conversion of acetate into hydrogen and carbon dioxide appeared to be mediated 
by acetoclastic methanogenesis, which utilised acetate directly as has been 
evidenced by the enrichment of acetoclastic methanogens Methanosaeta and 
Methanosarcina. In the oil sands, syntrophic acetate oxidation was likely to have 
been carried out by the known acetoclastic methanogen Methanosarcina. However, it 
was conjectured that unclassified Sphingobacteriales clone WCHB1.69 could have 
taken part in the acetate utilisation. 
Regardless of the observed differences between the microbial communities, 
investigation of the metabolic potential showed the presence of the same pathways, 
key genes and enzymes that are known to take part in the degradation of benzoate 
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and the production of methane. The same four pathways were found in both sets of 
methanogenic enrichments, namely the benzoate degradation pathway and 
hydrogenotrophic, acetoclastic and methylotrophic methanogenesis pathways. The 
same key genes that take part in benzoate degradation, namely dienoyl-CoA 
hydratase (dch), β-hydroxyacyl-CoA dehydrogenase (had) and β-oxoacyl-CoA 
hydrolase (oah) were found in high abundance in both enrichment cultures. The 
same key genes coding for essential proteins involved in methanogenesis were also 
found in high abundance in all the methanogenic archaea tested in both Tyne 
sediment and oil sands methanogenic enrichment cultures with benzoate, namely 
tetrahydromethanopterin S-methyltransferase (mtrA), methyl-coenzyme M reductase 
A (mcrA) and heterodisulfide reductase subunit A (hdrA). Other genes found in high 
abundance were methanogenic pathway specific genes, namely formylmethanofuran 
dehydrogenase, subunit A (fmdA) involved in hydrogenotrophic methanogenesis, 
phosphate acetyltransferase (pta), acetate kinase (ackA) and acetyl-CoA synthetase 
(ACSS) involved in acetoclastic methanogenesis and coenzyme M methyltransferase 
(mtaA) involved in methylotrophic methanogenesis. These results suggest that the 
functional capabilities of the microorganisms in different environments remain 
constant but the communities might vary from one environment to another. 
In addition, a comparison was made between two sequencing platforms, Illumina 
MiSeq and Ion Torrent PGM. The result suggested that, overall, the two sequencers 
concurred. The sequencers found the same most abundant taxa, but there were 
instances where both sequencers detected some microorganisms which were not 
detected by the other sequencer. 
Syntrophic degradation of many different types of compound such as alcohols, 
saturated and unsaturated fatty acids, hydrocarbons and aromatic compounds has 
been identified in methanogenic environments, suggesting the global importance of 
this process and of the microorganisms involved. Further work on the syntrophic 
processes, including methanogenesis, would clarify which microorganisms take part 
in syntrophy, in which environments syntrophy occurs, what substrates can be 
utilised, which members of the microbial community participate and how. Such 
knowledge would be useful in understanding the processes that attenuate the 
contamination of industrial land and the development of strategies for bioremediation. 
A quantitative model of syntrophic biodegradation could also assist in understanding 
the processes that release greenhouse gases. There is also a likelihood that 
microbial degradation could find a use in the development of sustainable and 




I would like to thank my parents for the enormous moral support they have given me 
during the time of the PhD and most importantly at the time of the writing of this 
thesis. 
My mum has always supported me in my decision to continue my studies and 
encouraged me, saying, “Knowledge brings light to the soul, and without knowledge 
there is only darkness.” My dad’s support always came with a hot cup of tea and a 
nice slice of cake which are the only really important things you need while writing. 
I would like to thank my supervisory team who have given me invaluable advice and 
contributed ideas from their own unique experience and knowledge to my project. I 
would like especially to thank Prof Ian Head, Dr Casey Hubert, Dr Julia Rosa de 
Rezende and Dr Neil Gray. Many thanks also to all my colleagues in Newcastle 
University, in particular the geomicrobiology group. I spent most of my time with them 
discussing scientific ideas, the analysis of the sequenced data, and the experimental 
set up before moving on to more general lunchtime conversation about the weather, 
holidays and, on occasion, politics. I have immensely enjoyed being part of such a 
joyful group. 
I am also grateful to my industrial supervisors Dr Nicolas Tsesmetzis and Dr Bart 
Lomans for providing me with the opportunity to spend some time in the Shell Labs in 
Houston and giving me valuable experience of working with industry. 





Table of Contents 
Chapter 1. Introduction .............................................................................................. 1 
1.1 Global carbon cycling through the process of methanogenesis ...................... 1 
1.1.1 Sources of methane production ............................................................... 1 
1.1.2 Types of methanogenesis ........................................................................ 5 
1.1.3 Methanogenic pathways .......................................................................... 7 
1.1.4 Methanogenic archaea ........................................................................... 11 
1.2 Syntrophy ..................................................................................................... 12 
1.2.1 Organisms capable of syntrophic degradation ....................................... 15 
1.3 Properties of the aromatic compounds and distribution in the environment .. 18 
1.3.1 Characteristics of aromatic compounds ................................................. 19 
1.3.2 Contribution of aromatic compounds to the environment ....................... 20 
1.4 Anaerobic degradation of crude oil and hydrocarbons .................................. 21 
1.4.1 Biodegradation pathways of monoaromatic compounds ........................ 22 
1.4.2 Anaerobic benzoyl-CoA pathway ........................................................... 26 
1.5 Concluding remarks ...................................................................................... 29 
1.6 Research aim and objectives ........................................................................ 30 
1.7 References ................................................................................................... 31 
Chapter 2. Materials and Methods........................................................................... 41 
2.1 Experimental Procedure overview ................................................................ 41 
2.1.1 Crude Oil Containing Experiments ......................................................... 41 
2.1.2 Benzoate Containing Experiments ......................................................... 42 
2.2 Sampling Sites .............................................................................................. 43 
2.2.1 River Tyne .............................................................................................. 43 
2.2.2 Sampling site on the River Tyne ............................................................ 45 
2.3 Source of Oil Sands Samples ....................................................................... 46 
2.3.1 Athabasca Oil Sands .............................................................................. 46 
2.3.2 Sampling site, Athabasca Oil Sands ...................................................... 47 
2.4 Experimental set up ...................................................................................... 49 
2.4.1 Tyne Sediment inoculum ........................................................................ 49 
vii 
 
2.4.2 Oil sands inoculum ................................................................................. 50 
2.4.3 Freshwater Medium ................................................................................ 50 
2.4.4 Materials and solutions prepared before the set-up of the microcosm 
experiments ............................................................................................ 52 
2.4.5 Preparation of the microcosms containing crude oil ............................... 53 
2.4.6 Preparation of the microcosms containing benzoate .............................. 54 
2.4.7 Benzoate enrichments ............................................................................ 55 
2.4.8 Oil sands enrichments with benzoate ..................................................... 55 
2.4.9 Tyne sediment enrichments with benzoate ............................................. 55 
2.5 Treatments .................................................................................................... 57 
2.6 Chemical analysis ......................................................................................... 57 
2.6.1 Headspace analysis, methane measurements ....................................... 57 
2.6.2 Benzoate analysis ................................................................................... 58 
2.7 Microbial community analysis ........................................................................ 58 
2.7.1 DNA extraction........................................................................................ 59 
2.8 Sample preparation for Ion Torrent sequencing ............................................ 59 
2.8.1 PCR amplification of 16S rRNA genes ................................................... 60 
2.8.2 Agarose gel electrophoresis and gel extraction ...................................... 60 
2.8.3 DNA purification and size selection ........................................................ 61 
2.8.4 Amplicon analysis and quantification ...................................................... 62 
2.8.5 Amplicon library preparation for Ion Torrent Sequencing ........................ 62 
2.8.6 Analysis of Ion Torrent 16S rRNA gene sequence libraries .................... 62 
2.9 Sample preparation for Illumina MiSeq sequencing ...................................... 63 
2.9.1 PCR amplification of 16S rRNA genes and gel electrophoresis ............. 63 
2.9.2 PCR amplification with F515 and R926 primers without adaptor 
sequences .............................................................................................. 64 
2.9.3 Gel electrophoresis to ascertain the size of the PCR products ............... 64 
2.9.4 PCR amplification using F515 and R926 primers with adaptor 
sequences .............................................................................................. 64 
2.9.5 Gel electrophoresis to isolate DNA fragments of approximately 500 to 
600bp ..................................................................................................... 65 
2.9.6 Index PRC, Illumina MiSeq sequencing .................................................. 65 
viii 
 
2.9.7 DNA purification and size selection ........................................................ 65 
2.9.8 Amplicon analysis and quantification ..................................................... 66 
2.9.9 Amplicon library preparation for Illumina MiSeq sequencing .................. 66 
2.9.10 Analysis of Illumina MiSeq 16S rRNA gene sequence libraries ............. 67 
2.10 Metagenome analysis ................................................................................. 67 
2.10.1 Quantification and concentration of genomic DNA ................................ 68 
2.10.2 Tagmentation of genomic DNA, PCR amplification and index addition . 68 
2.10.3 DNA purification and size selection ....................................................... 68 
2.10.4 Amplicon analysis and quantification ..................................................... 69 
2.10.5 Metagenomic library preparation for Illumina MiSeq sequencing ........... 69 
2.10.6 Metagenome Data Analysis ................................................................... 70 
2.11 Sequence analysis ...................................................................................... 72 
2.11.1 Alignment ............................................................................................... 73 
2.11.2 Reclassification ...................................................................................... 73 
2.11.3 Phylogenetic distance tree ..................................................................... 73 
2.12 Statistical analysis ...................................................................................... 74 
2.12.1 Descriptive statistics .............................................................................. 74 
2.12.2 Non parametric analysis of variance ...................................................... 74 
2.12.3 Measures of diversity ............................................................................. 75 
2.12.4 Hierarchical clustering analysis .............................................................. 76 
2.12.5 Comparative analyses ........................................................................... 76 
2.13 Microscopic analysis ................................................................................... 77 
2.13.1 Sample preparation ............................................................................... 77 
2.13.2 Filtration ................................................................................................. 77 
2.13.3 Microscopy ............................................................................................. 77 
2.14 References ................................................................................................. 78 
Chapter 3. Comparison of microbial community composition and diversity, using 16S 
rRNA gene sequence data from Ion Torrent and Illumina MiSeq  
platforms ................................................................................................ 83 
3.1 Introduction ................................................................................................... 83 
3.2 Materials and methods ................................................................................. 85 
ix 
 
3.2.1 Samples .................................................................................................. 85 
3.2.2 DNA extraction and library preparation ................................................... 86 
3.2.3 Amplification of 16S rRNA genes and library preparation for Illumina 
MiSeq and Ion Torrent (PGM) sequencing ............................................. 86 
3.2.4 Analysis of 16S rRNA gene sequence libraries ...................................... 86 
3.2.5 Sequence analysis .................................................................................. 87 
3.2.6 Statistical analysis .................................................................................. 87 
3.3 Results .......................................................................................................... 88 
3.3.1 Frequency distribution of OTUs .............................................................. 88 
3.3.2 Comparative analysis of relative abundance data at different taxonomic 
levels of classification ............................................................................. 89 
3.3.3 Comparison of OTUs identified in Illumina and Ion Torrent datasets ...... 91 
3.3.4 Determination of OTUs shared between Ion Torrent and Illumina MiSeq 
datasets. ................................................................................................. 95 
3.3.5 Sequence comparison of the most abundant OTUs ............................... 96 
3.3.6 OTU picking algorithm embedded in QIIME ........................................... 98 
3.3.7 Hierarchical clustering based on Families at 1% or higher relative 
abundance.............................................................................................. 99 
3.3.8 Comparison of taxa at 5% and higher relative abundance ................... 102 
3.3.9 Assessment of -diversity between the datasets from both 
sequencers ........................................................................................... 105 
3.3.10 Estimation of diversity using rarefaction curves .................................... 107 
3.4 Discussion ................................................................................................... 109 
3.4.1 Procedural considerations .................................................................... 110 
3.4.2 OTU analysis ........................................................................................ 112 
3.4.3 Data comparison at different levels of taxonomy .................................. 114 
3.4.4 Diversity analysis .................................................................................. 116 
3.5 Conclusion .................................................................................................. 116 
3.6 References .................................................................................................. 118 
Chapter 4. Community composition and metagenomic analysis of Tyne sediment 
methanogenic benzoate biodegrading enrichments ............................. 122 
4.1 Introduction ................................................................................................. 122 
x 
 
4.2 Materials and methods ............................................................................... 125 
4.2.1 Samples used ...................................................................................... 125 
4.2.2 Sample analysis ................................................................................... 126 
4.2.3 DNA extraction and library preparation ................................................ 126 
4.2.4 Amplification of 16S rRNA genes and library preparation for Illumina 
MiSeq sequencing ............................................................................... 126 
4.2.5 Analysis of 16S rRNA gene sequence libraries .................................... 126 
4.2.6 Metagenomic library preparation .......................................................... 127 
4.2.7 Metagenomic data analysis .................................................................. 127 
4.2.8 Sequence analysis ............................................................................... 128 
4.2.9 Microscopic analysis ............................................................................ 128 
4.2.10 Statistical analysis ............................................................................... 128 
4.3 Results ........................................................................................................ 129 
4.3.1 Methanogenic benzoate degradation ................................................... 129 
4.3.2 Microscopic analysis of methanogenic benzoate-degrading enrichment 
cultures ................................................................................................ 131 
4.3.3 -diversity analysis of multiple syntrophic benzoate degrading 
enrichments ......................................................................................... 133 
4.3.4 Development and composition of syntrophic benzoate biodegrading 
communities and determination of the key syntrophic members ......... 137 
4.3.5 Community composition analysis and determination of syntrophic 
partners in the course of a time series ................................................. 141 
4.3.6 Analysis of archaeal and bacterial 16S rRNA gene sequences ........... 143 
4.3.7 Metagenomic analysis of syntrophic benzoate degrading cocultures ... 144 
4.4 Discussion .................................................................................................. 152 
4.4.1 Syntrophic benzoate degradation under methanogenic conditions ...... 153 
4.4.2 Key syntrophic benzoate degraders ..................................................... 155 
4.4.3 Metabolic interactions in syntrophic benzoate degrading enrichment 
cultures ................................................................................................ 158 
4.4.4 Community composition and development in enrichments containing 
BES...................................................................................................... 161 
4.4.5 Participation by Desulfomicrobium in the metabolism of benzoate by 
reducing BES ....................................................................................... 163 
xi 
 
4.5 Conclusion .................................................................................................. 165 
4.6 References .................................................................................................. 167 
Chapter 5. Characterisation of syntrophic benzoate and crude oil degrading 
consortia from oil sands and Tyne sediment enrichment cultures ........ 175 
5.1 Introduction ................................................................................................. 175 
5.2 Materials and methods ................................................................................ 178 
5.2.1 Samples used ....................................................................................... 178 
5.2.2 Sample analysis .................................................................................... 179 
5.2.3 DNA extraction and library preparation ................................................. 179 
5.2.4 Amplification of 16S rRNA genes and library preparation for Illumina 
MiSeq sequencing ................................................................................ 179 
5.2.5 Analysis of 16S rRNA gene sequence libraries .................................... 179 
5.2.6 Metagenomic library preparation .......................................................... 180 
5.2.7 Metagenomic data analysis .................................................................. 180 
5.2.8 Phylogenetic analysis and sequence alignment ................................... 181 
5.2.9 Microscopic analysis ............................................................................. 181 
5.2.10 Statistical analysis ................................................................................ 182 
5.3 Results ........................................................................................................ 182 
5.3.1 Crude oil biodegradation ....................................................................... 183 
5.3.2 Methanogenic benzoate degradation .................................................... 185 
5.3.3 Microscopic analysis of methanogenic benzoate-degrading cultures ... 186 
5.3.4 -diversity analysis of oil sands inocula and syntrophic benzoate 
degrading enrichments ......................................................................... 189 
5.3.5 Development and composition of syntrophic benzoate biodegrading 
communities and determination of the key syntrophic members .......... 190 
5.3.6 Phylogenetic analysis of the key syntrophic benzoate degraders ......... 194 
5.3.7 Metagenomic analysis of syntrophic benzoate degrading co-cultures .. 198 
5.4 Discussion ................................................................................................... 206 
5.4.1 Investigation of methanogenic biodegradation of undegraded and heavily 
biodegraded crude oil ........................................................................... 208 
5.4.2 Syntrophic benzoate degradation under methanogenic conditions....... 209 
5.4.3 Key syntrophic benzoate degraders ..................................................... 209 
xii 
 
5.4.4 Metabolic potential of putative syntrophic benzoate degraders ............ 212 
5.4.5 The role of BES .................................................................................... 215 
5.4.6 Comparison of Tyne sediment and oil sands cultures .......................... 216 
5.5 Conclusion .................................................................................................. 217 
5.6 References ................................................................................................. 219 
Chapter 6. Conclusions and future work recommendations .................................. 227 
6.1 Concluding remarks .................................................................................... 227 
6.2 Future work recommendations ................................................................... 230 
6.3 References ................................................................................................. 233 
A. Appendix A: Detailed steps of DNA extraction using PowerSoil DNA Extraction 
Kit (MO BIO, Calsbad, CA, USA) ......................................................... 234 
B. Appendix B: Steps and commands used in an in house QIIME pipeline with 
sequences generated by Ion Torrent sequencing platform. ................. 236 
C. Appendix C: Steps and commands used in a QIIME pipeline with sequences 
generated by the Illumina sequencing platform. .................................. 238 
D. Appendix D: Illumina quality filtering, assembly and alignment of the reads 
generated for the metagenomic analysis. ............................................ 242 
E. Appendix E: Sequenced read counts of each sample, produced by Illumina and 
Ion Torrent before and after quality check ........................................... 245 
F. Appendix F: Percentage of the abundant OTUs found in the section of the Venn 
diagram ................................................................................................ 246 
G. Appendix G: Sequence alignments of Ion Torrent sequences against Illumina 
sequences generated by BLAST. ........................................................ 247 
H. Appendix H: Heatplots ..................................................................................... 250 
I. Appendix I: Relative Abundances...................................................................... 256 
J. Appendix J: Diversity Indices ............................................................................ 257 
K. Appendix K: Rarefaction Curves ...................................................................... 259 
L. Appendix L: Sequence alignment of abundant archaeal and bacterial OTUs .. 261 
M. Appendix M: Summary of metagenomic data after analyses in MG-RAST ..... 269 
N. Appendix N: Pathways used in methane metabolism ...................................... 271 
O. Appendix O: Summary of the metagenomic data after analyses in MG-RAST Oil 
sands benzoate enrichments IntMG .................................................... 273 
P. Appendix P: Summary of the usage of enrichments ........................................ 274 
xiii 
 
Q. Appendix Q: GC-MS analysis of n-alkane fraction of undegraded North Sea 




List of Figures 
Figure 1.1 Three pathways of methanogenesis: hydrogenotrophic pathway (marker 
2), methylotrophic pathway (3), acetoclastic pathway (4). Involved enzymes: 
formylmethanofuran dehydrogenase (Fmd, Fwd); 
methenyltetrahydromethanopterin cyclohydrolase (Mch); formylmethanofuran-
tetrahydromethanopterin N-formyltransferase (Ftr); 
methylenetetrahydromethanopterin dehydrogenase (Mtd); H2-forming 
methylene-H4MPT dehydrogenase (Hmd); coenzyme F420-dependent N5, N10-
methenyltetrahydromethanopterin reductase (Mer); methyl coenzyme-M 
reductase complex (Mcr); glutathione-independent formaldehyde 
dehydrogenase (Fdh); [NiFe] hydrogenase (Ech); N5-
methyltetrahydromethanopterin-coenzyme M methyltransferase (Mtr); 
heterodisulphide reductase (Hdr); acetate kinase (Ack); acetyl-CoA 
synthase/carbon monoxide dehydrogenase complex (ACSS); 
Phosphotransacetylase (Pta); acetyl-CoA decarbonylase (Cdh). Substrate 
specific Methyltransferases – MT1 (MtaB, MtmB, MtbB, MttB, Mts); MT2 (MtaA, 
MtbA) and methylotrophic corrinoid proteins (MtaC, MtmC, MtbC, MttC); MtsA 
plays the role of MT1 and MT2 in catalysing dimethylsulphide. Abbreviations of 
the carriers involved: methanofuran (MF or MFR); tetrahydromethanopterin 
(H4MPT), and 2-mercaptoethanesulfonate (coenzyme M, CoM-SH), F420H2, 
reduced coenzyme F420; Fdred, reduced ferredoxin; Fdox, oxidized ferredoxin. .. 11 
Figure 1.2 Delocalised bonding model of the benzene ring. (A) Benzene resonance 
structures are proposed structures of benzene as a six-membered carbon ring 
with alternating single and double bonds by August Kekulé. (B) Delocalised  
system describes an overlap between all six 2 atomic orbitals and a simplified 
depiction of the benzene ring which is exactly equivalent to the benzene 
resonance structures. ........................................................................................ 19 
Figure 1.3 Degradation of monoaromatic hydrocarbons, adapted from Fuchs et al. 
(2011) a. Addition of fumarate to toluene and subsequent β-oxidation of the 
intermediate benzylsuccinate to benzoyl-CoA. Red shading indicates succinate 
carbons. b. Hydroxylation of ethylbenzene to 1-phenylethanol, and the ATP-
dependent carboxylation of acetophenone involved in the conversion to benzoyl-
CoA. c. Carboxylation as a proposed initial step of anaerobic benzene 
degradation. [ATP] indicates the dependence of the reaction on hydrolysis of the 
ATP. ................................................................................................................... 25 
xv 
 
Figure 1.4 Benzoyl-CoA biodegradation pathway. Reaction steps of benzoate 
degradation indicated by roman numerals: activation of benzoate to benzoyl-
CoA by benzoate-CoA ligase (I); benzoyl-CoA dearomatization by benzoyl-CoA 
reductase (II); modified -oxidation via hydratation (III); dehydrogenation (IV); 
hydrolytic ring cleavage (V). The names of the enzymes correspond to the 
names of the corresponding genes. Metabolites are as follows: benzoyl-CoA, 
cyclohex-1,5-diene-1-carbonyl-CoA; 6-hydroxycyclohex-1-ene-1-carbonyl-CoA; 
6-ketocyclohex-1-ene-1-carbonyl-CoA; 3-hydroxypimelyl-CoA. ......................... 28 
Figure 2.1 Content of the microcosms as set up at the beginning of the experiment 
and additional time-zero controls which were frozen. ......................................... 42 
Figure 2.2 Benzoate containing microcosms and their subsequent enrichments with 
Athabasca oil sands enrichments or Tyne sediment as inoculum. ..................... 43 
Figure 2.3 River Tyne and River Tyne catchment (Tyne River Trust, 2013).............. 44 
Figure 2.4 Sediment collection from Scotswood, Newcastle upon Tyne. (A) an 
overview image taken from Google Maps™. The arrow indicates the sampling 
site. (B1, B2) images taken on the day of sampling. B1 demonstrates the 
sediment collected for experimental work from the sulfidic black anoxic layer. B2 
demonstrates the surface sediment on the day of sampling. ............................. 45 
Figure 2.5 Location of the Athabasca oil sands deposits in Alberta, Canada. Figure 
adapted from (Einstein, 2006). Arrow indicates the collection site. .................... 47 
Figure 2.6 (A) Incubations T1 to T10 as described in the text. (B) Methane production 
after 2854 days. (Data from Dr Casey Hubert, University of Calgary, Canada). 49 
Figure 2.7 Procedure followed to produce the final inocula for subsequent 
experiment. Initial incubation conditions are indicated with electron acceptors 
e.g. SO4
2- sulphate reducing, HCO3
- bicarbonate. .............................................. 50 
Figure 2.8 Widdel’s system used for the preparation of anoxic freshwater medium. . 52 
Figure 2.9 The detailed content of the microcosm containing crude oil. Each 
microcosm contains either Tyne sediment or oil sands enrichments and either 
PM3 crude oil or PM0 crude oil. Each microcosm also contains freshwater 
medium. Control microcosms contain BES. ....................................................... 54 
Figure 2.10 The detailed content of the microcosm containing benzoate as a 
substrate. As an inoculum, each microcosm contains either Tyne sediment or oil 
xvi 
 
sands enrichments. Each microcosm also contains freshwater medium. Control 
microcosms contain BES. .................................................................................. 55 
Figure 2.11 Set up of the enrichment experiments using either oil sands or Tyne 
sediment as inoculum and benzoate as a carbon and energy source. .............. 57 
Figure 2.12 Step by step diagram of the molecular techniques and data analysis 
used. Samples were processed in three different ways, certain samples in more 
than one way. Each column indicates a group of samples, the sequencing 
approach and the analysis of that group of samples (16S rRNA, metagenomics). 
Column one identifies all the samples and shows the molecular techniques used 
in the 16S rRNA sample preparation for the Ion Torrent sequencer. Column two 
identifies all the samples and shows the molecular techniques used in the 16S 
rRNA sample preparation for the MiSeq Illumina sequencer. Column three 
identifies all the samples and shows the molecular techniques used in the 
preparation of the metagenomes for the MiSeq Illumina sequencer. ................. 72 
Figure 3.1 Histograms showing the distributions of OTUs returned by the two 
sequencers. The inset histograms show the distribution of reads near the origin. 
The minimum is the number of reads representing most of the OTUs detected in 
the dataset. The maximum is the number of reads representing the most 
abundant OTUs in the dataset. OTUs with  50 reads are considered to be the 
most abundant and are of low frequency. The number of reads per OTU 
approximates to a sharply skewed Poisson distribution. .................................... 89 
Figure 3.2 Median similarities between relative abundances as measured by both 
sequencers and with unclassified categories removed, broken down by 
experimental group and taxonomic level. Error bars indicate standard deviation.
........................................................................................................................... 90 
Figure 3.3 Taxa detected by Illumina and Ion Torrent classified at different levels. 
The pale red colour shows the taxa found only by Illumina. The pale blue shows 
the taxa found only by Ion Torrent. The intersection in pale purple shows the 
taxa found by both sequencers. ......................................................................... 91 
Figure 3.4 Percentage relative abundance plots of the fifty most abundant OTUs for 
each sequencer found in the different experimental groups. OTU names marked 
with a star indicate discrepancies between OTU identifier and comparison 
between aligned sequences found between the datasets. The red bars show the 
Illumina dataset, blue bars show Ion Torrent, and orange and green bars show 
OTUs found only by one sequencer. ................................................................. 95 
xvii 
 
Figure 3.5 Data from the OTU dataset, illustrated as Venn diagrams. The diagrams 
show the numbers of OTUs detected by Illumina (red), by Ion Torrent (blue) and 
by both (purple). ................................................................................................. 96 
Figure 3.6. The heatplot at family level shows the abundance of certain 
microorganisms present in one sample compared with their abundance in other 
samples, but not their abundance relative to other bacteria in the same sample. 
Each column of the heatplot represents a different microorganism and each row 
represents a different sample. The nine rows numbered 1 to 9 represent 
measurements based on the Illumina sequencer while the nine rows numbered 
10 to 18 represent measurements based on the Ion Torrent sequencer. The 
dendograms above and to the left of the heatplot show relationships between the 
microorganisms (above) and between the samples (left). Coloured bars on the 
left of the heatplot show the grouping of the samples by experiment. The colour 
of each cell indicates the relative abundance of the microorganism, with blue 
denoting low abundance and brown denoting high abundance. The histogram 
shows the frequency of occurrence of relative abundances as a z score, 
between -3 and +3. ...................................................................................... 100 
Figure 3.7 Differences in measurements made by Illumina and Ion Torrent of the 1% 
most abundant microorganisms at the family level of classification. Pale squares 
indicate that both sequencers found roughly the same number of 
microorganisms. Red squares with a red star next to the relevant name in the 
heatplot indicate higher relative abundances for microorganisms found by 
Illumina. Blue squares with a blue star next to the relevant name indicate higher 
relative abundances for microorganisms found by Ion Torrent. ........................ 102 
Figure 3.8 Relative abundance of microorganisms displayed at family level of the 
≥ 5% relative abundance. Relative abundances for the Ion Torrent dataset are 
shown in blue and for Illumina in orange. ......................................................... 103 
Figure 3.9 Diversity of the samples, using the OTU data rarefied to the size of the 
smallest sample (2736) generated by Ion Torrent. The data used to construct 
this figure can be found in Appendix J. ............................................................ 106 
Figure 3.10 The relationship between different diversity indices plotted using rarefied 
OTU data. ......................................................................................................... 107 
Figure 3.11 A scatterplot and rarefaction diagram (Hurlbert, 1971) showing 
observations made with both sequencers aggregated and rarefied to the size of 
the smallest Ion Torrent sample, 2736 OTUs. (A) The blue colour of the line 
xviii 
 
represents Illumina and the red lines Ion Torrent. By plotting a vertical line at the 
size of the smallest sample, the richness of every sample may be estimated. 
Horizontal lines plotted through the points of intersection are used to estimate 
the number of species that would be found in a sample rarefied to the size of the 
smallest Ion Torrent sample. (B) The scatterplot shows the numbers of species 
present in each sample before and after rarefaction........................................ 109 
Figure 4.1 Hypothesised pathway of syntrophic biodegradation of benzoate. 
Benzoate is degraded to H2, CO2 and acetate by Deltaproteobacteria. Syntrophic 
benzoate degradation could potentially involve fermenters from the class 
Clostridia utilising H2 and acetate to produce H2 and CO2. In the absence of 
BES, either acetoclastic or hydrogenotrophic methanogenesis may occur. In the 
presence of BES, sulphate reducers potentially use hydrogen, CO2 or acetate.
......................................................................................................................... 125 
Figure 4.2 Benzoate and methane accumulation in the original (A) and final (B) 
incubations. The experimental group is indicated by the colour of the markers. 
Benzoate concentration is indicated by red or brown markers. Methane 
concentration is indicated by blue markers. ..................................................... 130 
Figure 4.3 Triplicate microcosms containing methanogenic benzoate-degrading Tyne 
sediment enrichment cultures. Aggregates can be seen as black and dark brown 
flocs. ................................................................................................................ 131 
Figure 4.4 Morphology of microorganisms present in the enrichment with benzoate 
under methanogenic conditions. Microorganisms were stained with SYBR gold 
nucleic acid stain. (A) Rod shaped cells. (B) Fluorescent pseudosarcinae cells. 
(C) Filamentus cells. ........................................................................................ 132 
Figure 4.5 NMDS analysis showing the clustering of triplicate samples along three 
orthogonal dimensions using rarefied data to the smallest sample 34,100. Note: 
This diagram is drawn in perspective. Markers close to the observer appear 
larger than markers further away. This indicates their position on axis 3 (figure A) 
and axis 1 (figure B). ........................................................................................ 134 
Figure 4.6 (A) Canonical correspondence analysis showing the most abundant OTUs 
related to methane production (red) and benzoate degradation (blue). Blue 
arrows show the loadings of methane and benzoate on the two principal axes 
CCA1 and CCA2. Overlapping labels are clarified by insets (Enlarged 1 and 2, 
indicated by dark blue arrows). Labels in black text show the composition of the 
xix 
 
samples on different days. Microorganisms are represented by abbreviations in 
red text. The abbreviations are listed in Table 4.1. ........................................... 135 
Figure 4.7 Community composition of Tyne Sediment and enrichments with benzoate 
1 to 6 (A) without and (B) with BES, showing the most abundant 1% of taxa. Red 
circles mark taxa which are hypothesised to take part in benzoate degradation.
 ......................................................................................................................... 139 
Figure 4.8 Percentage relative abundance of (A) methanogens involved in syntrophic 
benzoate degradation and (B) sulphate reducers and presumed syntrophic 
benzoate degraders in Tyne Sediment, original incubations with benzoate and in 
subsequent enrichments with benzoate 1 to 6, without BES (left) and with BES 
(right). ............................................................................................................... 140 
Figure 4.9 Community composition of Tyne Sediment and enrichments with benzoate 
along time series (A) without and (B) with BES, showing the most abundant 1% 
of taxa. Red circles mark taxa which are hypothesised to take part in benzoate 
degradation. ..................................................................................................... 142 
Figure 4.10 Most abundant taxa found by 16S rRNA amplicon analysis, 16S rRNA 
analysis of the sequences in the metagenomes using the SILVA database, and 
metagenomic analysis of taxa identified by the NCBI protein database. Samples 
with BES are shown in light blue, green and dark blue. Methanogenic samples 
are shown in light red, medium red and brown. Abundance is shown on a 
logarithmic scale. Methanofollis (highlighted in red) was not identified by the 
NCBI protein database. .................................................................................... 145 
Figure 4.11 (A) The benzoate degrader Syntrophus and its partners in methanogenic 
and non-methanogenic final enrichments. (B) Successive enzymes convert 
sodium benzoate to 3 acetyle CoA and CO2 in stages. Numbers in parentheses 
are mean gene counts () and the calculated standard deviation () for the 
genes involved in enzyme production. The abbreviations refer to: BadA: 
benzoate-CoA ligase, BadH: 2-hydroxycyclohexanecarboxyl-CoA 
dehydrogenase, Dch: cyclohexa-1,5-dienecarbonyl-CoA hydratase, Had: 6-
hydroxycyclohex-1-ene-1-carbonyl-CoA dehydrogenase, HbaA: 4-
hydroxybenzoate-CoA ligase and Oah: 6-oxocyclohex-1-ene-carbonyl-CoA 
hydrolase. Part B is adapted from (Fuchs et al., 2011). ................................... 146 
Figure 4.12 Abundance of genes involved in syntrophic degradation of benzoate, 
compared with the abundance of ‘housekeeping’ genes. (A) Proportion of genes 
found in all taxa from methanogenic and non-methanogenic samples of the final 
xx 
 
enrichment. (B) Proportion of genes found in Syntrophus in incubations with and 
without BES. .................................................................................................... 147 
Figure 4.13 Proportion of genes taking part in sulphate reduction found in 
Desulfomicrobium, only in the incubations with BES. The genes and 
corresponding enzymes abriviations are as follows: Sat: sulfate 
adenylyltransferase, AprA: adenylylsulfate reductase, subunit A, AprB: 
adenylylsulfate reductase, subunit B, DsrA: sulfite reductase, dissimilatory-type 
alpha subunit, DsrB: sulfite reductase, dissimilatory-type beta subunit, CysH: 
phosphoadenosine phosphosulfate reductase. ............................................... 148 
Figure 4.14 Pathway diagram showing enzymes involved in hydrogenotrophic, 
acetoclastic and methylotrophic methanogenesis. Highlighted genes (e.g. cdhC) 
are pathway specific, other genes (hdrA, mcrA, mtrA) are common to all 
pathways. Numbers in parentheses refer to the mean abundance of the genes 
() and standard deviation () in methanogenic samples. Abbreviations of 
enzymes are as follows: AckA: acetate kinase, ACSS: acetyl-CoA synthetase, 
CdhC: acetyl-CoA decarbonylase/synthase complex subunit beta, EchA: 
hydrogenase subunit A, FdhA: glutathione-independent formaldehyde 
dehydrogenase, FmdA: formylmethanofuran dehydrogenase subunit A, FTR: 
formylmethanofuran-tetrahydromethanopterin N-formyltransferase, HdrA: 
heterodisulfide reductase subunit A, MCH: methenyltetrahydromethanopterin 
cyclohydrolase, McrA: methyl-coenzyme M reductase alpha subunit, MER: 
coenzyme F420-dependent N5, N10-methenyltetrahydromethanopterin 
reductase, MtaA: [methyl-Co(III) methanol-specific corrinoid protein]: coenzyme 
M methyltransferase, MTD: methylenetetrahydromethanopterin dehydrogenase, 
MtrA: tetrahydromethanopterin S-methyltransferase) and PTA: phosphate 
acetyltransferase). Adapted from (Guo et al., 2015). ....................................... 149 
Figure 4.15 Gene relative abundances. (A) Comparison of abundance of genes 
involved in methanogenesis found under methanogenic and non-methanogenic 
conditions, measured with respect to “housekeeping” gene cysS. (B to D) 
Relative abundance of genes involved in methanogenesis, measured with 
respect to “housekeeping” gene dnaK, found in (B) Methanosaeta, (C) 
Methanosarcina, (D) Methanocorpusculum in enrichments under methanogenic 
conditions. ....................................................................................................... 152 
Figure 4.16 Hypothesised community activity in the original incubations with BES. 
The data show that the original enrichment contained syntrophs, sulphate 
reducers and methanogens. (1) Syntrophs degrade benzoate into H2, CO2 and 
acetate. An accretion of these products inhibits the action of the syntrophs. (2) 
xxi 
 
Sulphate reducers use H2, CO2 and acetate as electron donors and use BES as 
an electron acceptor, thereby reducing its concentration. (3) At low 
concentrations of BES, methanogens become active and convert the H2 and 
CO2 into methane. ............................................................................................ 163 
Figure 5.1 Methane production (A) in enrichments containing Tyne sediment (TS) 
inoculum and (B) in enrichments containing oil sands inoculum, initially sulphate 
reducing (IntSR) and initially methanogenic (IntMG), from two types of crude oil: 
North Sea undegraded crude oil PM0 and heavily biodegraded crude oil PM3.
 ......................................................................................................................... 184 
Figure 5.2 Benzoate and methane accumulation in the IntSR (A) and IntMG (B) 
incubations. The experimental group is indicated by the colour of the markers. 
Benzoate concentration is indicated by light blue (BES) or dark blue markers 
(methanogenic). Methane concentration is indicated by dark red (BES) and 
orange markers (methanogenic). Error bars represent a standard deviation of 
the mean of the triplicate incubations. .............................................................. 186 
Figure 5.3 Microcosms containing methanogenic benzoate-degrading oil sands 
enrichment cultures. Aggregates appear as black and dark brown flocs. (A) 
Methanogenic enrichment. (B) Enrichment with BES. ...................................... 187 
Figure 5.4 Morphology of microorganisms present in the enrichment with benzoate 
under methanogenic conditions. Microorganisms were stained with SYBR gold 
nucleic acid stain. (A) Fluorescent pseudosarcinae cells and (B and C) rod 
shaped cells. .................................................................................................... 188 
Figure 5.5 NMDS analysis showing the clustering of triplicate samples along two 
orthogonal axes using rarefied data to the smallest sample size, 13,685. The 
analysis shows that samples are distributed upon two chief, nearly orthogonal 
axes, here drawn in blue, one indicating the extent of methane production and 
the other benzoate degradation. The direction of the Benzoate arrowhead 
indicates the amount of benzoate remaining after degradation. ....................... 189 
Figure 5.6 Community composition of oil sands enrichments with benzoate and oil 
sands inoculum (A) Initially sulphate reducing (IntSR) communities and (B) initial 
methanogenic (IntMG) communities, showing the most abundant 1% of taxa. 
Red circles mark taxa which are hypothesised to take part in benzoate 
degradation. ..................................................................................................... 193 
xxii 
 
Figure 5.7 Percentage relative abundance of (A) methanogens involved in syntrophic 
benzoate degradation and (B) sulphate reducers and presumed syntrophic 
benzoate degraders in oil sands. ..................................................................... 194 
Figure 5.8 Molecular phylogenetic analysis by the Maximum Likelihood method 
based on the Kimura 2-parameter model (Kimura, 1980). A Rooted phylogenetic 
tree of the most abundant Methanosarcina OTUs in IntSR and IntMG (branches 
highlighted in red). The tree is based on the comparative analysis of 16S rRNA 
gene sequences. The reference bar indicates 5% sequence divergence. 
Bootstrap resampling was performed with 2000 replicates. Evolutionary analyses 
were conducted in MEGA7. ............................................................................. 195 
Figure 5.9 Molecular phylogenetic analysis by Maximum Likelihood method based on 
the Kimura 2-parameter model (Kimura, 1980). A rooted phylogenetic tree of the 
most abundant Desulfotomaculum OTUs in IntSR and IntMG (branches 
highlighted in blue). The tree is based on the comparative analysis of 16S rRNA 
gene sequences. The reference bar indicates 2% sequence divergence. 
Bootstrap resampling was performed with 2000 replicates. Evolutionary analyses 
were conducted in MEGA7. ............................................................................. 197 
Figure 5.10 Most abundant taxa found expressed as a relative percentage 
abundance by (A) 16S rRNA amplicon analysis, (B) 16S rRNA analysis of the 
sequences in the metagenomes using the SILVA database, and (C) 
metagenomic analysis of taxa identified by the NCBI protein database. ......... 199 
Figure 5.11(A) Putative benzoate degraders and hypothesised syntrophic partners in 
methanogenic IntMG benzoate degrading enrichments. (B) Successive enzymes 
convert sodium benzoate to 3 acetyle CoA and CO2 in stages. Numbers in 
parentheses are mean gene counts () and the calculated standard deviation () 
for the genes involved in enzyme production. The abbreviations refer to: BadA: 
benzoate-CoA ligase, BadH: 2-hydroxycyclohexanecarboxyl-CoA 
dehydrogenase, Dch: cyclohexa-1,5-dienecarbonyl-CoA hydratase, Had: 6-
hydroxycyclohex-1-ene-1-carbonyl-CoA dehydrogenase, HbaA: 4-
hydroxybenzoate-CoA ligase and Oah: 6-oxocyclohex-1-ene-carbonyl-CoA 
hydrolase. Part B is adapted from (Fuchs et al., 2011). ................................... 201 
Figure 5.12 Pathway diagram showing enzymes involved in Wood–Ljungdahl 
pathway. Numbers in parentheses refer to the mean abundance of the genes () 
and standard deviation () in IntMG methanogenic samples with benzoate. 
Abbreviations of enzymes are as follows: AckA: acetate kinase, ACSS: acetyl-
CoA synthetase, AcsB: carbon monoxide dehydrogenase / acetyl-CoA synthase 
xxiii 
 
subunit beta, AcsE: methyltransferase, CooS: carbon-monoxide dehydrogenase 
catalytic subunit, FdhA1: formate dehydrogenase, alpha subunit, Fhs: formate-
tetrahydrofolate ligase, FolD: methylenetetrahydrofolate dehydrogenase 
(NADP+) / methenyltetrahydrofolate cyclohydrolase, MetF: 
methylenetetrahydrofolate reductase, Pta: phosphate acetyltransferase. ........ 202 
Figure 5.13 Proportion of genes measured with respect to “housekeeping” gene 
dnaK taking part in Wood-Ljungdahl pathway and sulphate reduction in 
Desulfotomaculum. Sulphate reduction: dsrA: sulfite reductase, dissimilatory-
type alpha subunit, dsrB: sulfite reductase, dissimilatory-type beta subunit. ... 203 
Figure 5.14 Pathway diagram showing (A) enzymes involved in the fatty acid -
oxidation pathway using the COG database, (B) proportion of genes taking part 
in -oxidation in Syntrophomonas. (A) Numbers in parentheses refer to the mean 
abundance of the genes () and standard deviation () found in 
Syntrophomonas. (B) Proportion of genes measured with respect to 
“housekeeping” gene dnaK. Abbreviations of genes and corresponding enzymes 
are as follows: AckA: acetate kinase, Bcd: butyryl-CoA dehydrogenase, FadB: 
3-hydroxybutyryl-CoA dehydrogenase, FdhA: formate dehydrogenase, alpha 
subunit, FdhB: formate dehydrogenase, beta subunit, Fdol: formate 
dehydrogenase, gamma subunit, Pta: phosphate acetyltransferase. ............... 204 
Figure 5.15 Pathway diagram showing enzymes involved in hydrogenotrophic, 
acetoclastic and methylotrophic methanogenesis in IntMG samples with 
benzoate. Highlighted genes (e.g. cdhC) are pathway specific. Other genes 
(hdrA, mcrA, mtrA) are common to all pathways. Numbers in parentheses refer 
to the mean abundance of the genes () and standard deviation () in 
methanogenic samples. Abbreviations of enzymes are as follows: AckA: acetate 
kinase, ACSS: acetyl-CoA synthetase, CdhC: acetyl-CoA 
decarbonylase/synthase complex subunit beta, EchA: hydrogenase subunit A, 
FdhA: glutathione-independent formaldehyde dehydrogenase, FmdA: 
formylmethanofuran dehydrogenase subunit A, FTR: formylmethanofuran-
tetrahydromethanopterin N-formyltransferase, HdrA: heterodisulfide reductase 
subunit A, MCH: methenyltetrahydromethanopterin cyclohydrolase, McrA: 
methyl-coenzyme M reductase alpha subunit, MER: coenzyme F420-dependent 
N5, N10-methenyltetrahydromethanopterin reductase, MtaA: [methyl-Co(III) 
methanol-specific corrinoid protein]: coenzyme M methyltransferase, MtaB: 
methanol-5-hydroxybenzimidazolylcobamide Co-methyltransferase, MtaC: 
methanol corrinoid protein, MtbA: coenzyme M methyltransferase:[methyl-Co(III) 
methylamine-specific corrinoid protein], MttB: trimethylamine-corrinoid protein 
xxiv 
 
Co-methyltransferase, MttC: trimethylamine corrinoid protein, MTD: 
methylenetetrahydromethanopterin dehydrogenase, MtrA: 
tetrahydromethanopterin S-methyltransferase) and Pta: phosphate 
acetyltransferase). Adapted from (Guo et al., 2015). ....................................... 205 
Figure 5.16 Proportion of genes measured with respect to “housekeeping” gene 
dnaK taking part in acetoclastic, hydrogenotrophic and methylotrophic 





List of Tables 
Table 1.1 Methanogenic archaea and the known substrates used for 
methanogenesis. Adapted from Canfield et al. (2005). ...................................... 12 
Table 1.2 Reactions of syntrophic metabolism of fatty acids and benzoate, adapted 
from Sieber et al. (2010). (a) The reactions were calculated from the data in 
Thauer et al. (1977) with the free energy of formation for benzoate given in 
Kaiser and Hanselmann (1982) (b) The above calculations were made on the 
bases of partial pressures of H2 of 1 Pa and of CH4 of 50 kPa, 50 mM 
bicarbonate, and the concentrations of the substrates and acetate at 0.1 mM 
each. .................................................................................................................. 13 
Table 1.3 Metabolism of fatty acids by syntrophic bacteria, adapted from McInerney 
et al. (2008). Degraded fatty acids are indicated by the number of carbons and 
the colon shows the number of unsaturated bonds if the fatty acid is unsaturated. 
The range of fatty acids thought to be degraded by the microorganisms is 
indicated by a dash. Values not determined are marked ND. ............................ 16 
Table 1.4 Metabolism of aromatic compounds by syntrophic bacteria, adapted from 
McInerney et al. (2008). Degraded fatty acids are indicated by the number of 
carbons, and the colon shows the number of unsaturated bonds if the fatty acid 
is unsaturated. Values not determined are marked ND. ..................................... 18 
Table 1.5 Biodegradation of monoaromatic compounds under a variety of electron 
accepting conditions Rabus et al. (2016). .......................................................... 23 
Table 1.6 Microorganisms and genes encoding benzoate-CoA ligase and the upper 
benzoyl-CoA pathway. Adapted from Carmona et al. (2009). Syntrophus 
aciditrophicus and Geobacter metallireducens are obligate anaerobes 
hypothesised to use the ATP independent benzoyl-CoA pathway. .................... 27 
Table 2.1 Characteristics of the sediment sampling site measured on 12 May 2014, 
the day of the sampling. ..................................................................................... 46 
Table 2.2 Geochemical characteristics of formation waters from oil sands, Alberta, 
Canada (Hubert et al., 2012). ............................................................................. 48 
Table 2.3 GC-FID specifications used to measure methane in the microcosm study.
 ........................................................................................................................... 58 
xxvi 
 
Table 2.4 Formulae of the metrics of diversity used by the Diversity function in the 
Vegan package in R .......................................................................................... 76 
Table 3.1 Distribution of OTUs in Illumina and Ion Torrent datasets. ........................ 89 
Table 3.2 Comparison of the sequences from the most abundant OTUs, aligned with 
BLAST and re-classified with SILVA. OTU names have been abbreviated. NRef 
= New Reference, NCRef = New CleanUp Reference ....................................... 98 
Table 3.3 Illumina and Ion Torrent rarefaction results. The analysis was performed on 
the OTU table rarefied to the size of the smallest sample (2736) from Ion 
Torrent. ............................................................................................................ 109 
Table 4.1 Table of abbreviations used in the CCA analysis of time series Figure 4.6.
......................................................................................................................... 136 




List of Abbreviations Used 
ATP: adenosine triphosphate 
BCR: Benzoyl-CoA reductase 
BCR: benzoyl-CoA reductases 
BES: 2-Bromoethanesulfonate (BrCH2CH2SO
3-) 
BLAST: Basic Logical Alignment Search Tool 
BTEX: Benzene, toluene, ethylbenzene and xylene 
CCA: canonical correspondence analysis 
cdhC: acetyl-CoA decarbonylase/synthase complex subunit beta 
COG: Clusters of Orthologous Groups of proteins 
CoM: Coenzyme M (HSCH2CH2SO
3-) 
CT: consolidated tailings 
dch: dienoyl-CoA hydratase 
DIET: direct interspecies electron transfer 
DMSO: dimethyl sulphoxide 
FFT: fluid fine tailings 
FISH: Fluorescence in situ hybridization 
fmdA: formylmethanofuran dehydrogenase, subunit A 
had: β-hydroxyacyl-CoA dehydrogenase 
IntMG: initially methanogenic incubations 
IntSR: Initially sulphate reducing incubations 
KEGG: Kyoto Encyclopedia of Genes and Genomes 
mbs: metres below the surface 
mcrA: methyl-coenzyme M reductase A 
MEGA: Molecular Evolutionary Genetics Analysis 
MFT: mature fine tailings 
MPN: most probable number 
mtrA: tetrahydromethanopterin S-methyltransferase 
NMDS: nonmetric multidimensional scaling 
oah: β-oxoacyl-CoA hydrolase 
OTU: operational taxonomic unit 
PBS: phosphate-buffered saline 
RDP: Ribozomal Database Project 
SAO: syntrophic acetate oxidation 
xxviii 
 
SBO: Syntrophic benzoate oxidation 
SBOB: Syntrophic benzoate-oxidising bacteria 
spp: species 




Chapter 1. Introduction 
1.1 Global carbon cycling through the process of methanogenesis 
Methane gas (CH4) is an important compound. It can be produced by 
thermochemical breakdown of organic matter or by biological activity where methane 
gas is formed by microbial decomposition of organic substances under anaerobic 
conditions. Methane gas has been implicated as an influential contributor to the 
regulation of temperature in the early Earth (Pavlov et al., 2000). A report on the first 
clearly documented increase of methane in the atmosphere was published in the 
early 1980s (Blake and Rowland, 1986). 
The environmental importance of methane lies in the fact that it is a greenhouse gas 
linked to climate change. Since the industrial period, anthropogenic sources are large 
contributors to the increase of atmospheric methane levels. Within the last 300 years 
the methane concentration in the atmosphere has increased from the 
preanthropogenic value of around 700 parts per billion by volume (ppbv) to about 
1,721 ppbv in 1994 (Houghton et al., 1995; Ledley et al., 1999). A higher value of 
1,760 ppbv were found more recently (Canfield et al., 2005). In the atmosphere, 
methane has a half-life of about 8.4 years. It can be removed primarily by reactions 
with hydroxyl radicals in the troposphere (Hedderich and Whitman, 2006). 
This thesis focuses on methane produced through biological activity. 
1.1.1 Sources of methane production 
The metabolic process of methanogenesis is important in the anaerobic degradation 
of organic matter as a terminal electron accepting reaction in many anoxic 
environments, carried out by a consortium of microbial organisms working together 
(Sieber et al., 2010). 
About 2% of carbon dioxide fixed annually through photosynthesis into biomass 
(7  1010 tonnes of carbon per year) is converted to methane by microbial 
metabolisms (Thauer et al., 2008). It has been estimated that approximately a billion 
tons (1 gigatonne) of methane per year is formed globally by methanogenic archaea 
in anoxic environments, namely swamps, paddy fields, landfills, freshwater sediments 
and the intestinal tracts of ruminants and termites (Thauer et al., 2008). 
Martius et al. (1993) estimated that termite guts contribute 2  107 tonnes per year of 
methane gas to the atmosphere (Prather. M. et al., 1994; Houghton et al., 1995). 
Tropical wetlands have been reported to contribute approximately 6  107 tonnes per 
year (Prather. M. et al., 1994). 
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Methanogenic biodegradation of organic matter in anoxic sediments can contribute 
greatly to the global carbon cycle. At the surface, where the sediment could be 
exposed to oxygen, organisms known as obligate aerobes (which require oxygen for 
metabolism) or facultative aerobes (which do not require the presence of oxygen) 
use oxygen as an electron acceptor to degrade available organic matter through 
aerobic respiration. 
Organic compounds and hydrogen released as products of hydrolysis during aerobic 
respiration are further utilised by a variety of microorganisms using different inorganic 
compounds acting as electron acceptors in the absence of oxygen. In sediments the 
anaerobic respiration processes often occur in sequence according to the energetics 
associated with the process, which can depend on the depth and the available 
electron acceptors (Canfield et al., 2005; Reeburgh, 2007). The characteristic order 
of the use of the electron acceptors is, first, oxygen (oxic metabolisms), then Mn 
oxides, NO3
-, Fe oxides, SO4
2- and reduction of CO2 as a final process. The final 
process liberates methane and is therefore known as methanogenesis. The 
sequence and the order may change depending on the thermodynamics of the 
process, pH and the availability of the substrate and products required for another 
electron accepting process in the sediment. 
Man-made methanogenic environments include paddy fields, farms and ranches, 
landfills, the anoxic bioreactors used in wastewater treatment and the detritus of 
crude oil processing such as tailings ponds (Fung et al., 1991). 
Rice cultivation, animal husbandry, burning of biomass and disposal and storage of 
waste in landfills contribute approximately 2 to 3.5  108 tonnes of CH4 per year 
(Prather. M. et al., 1994; Houghton et al., 1995; Ledley et al., 1999). Sources of 
methane related to fossil fuel use produce between 7  107 and 1.2  108 tonnes of 
methane per year (Prather. M. et al., 1994). 
Oil sands deposits in northeastern Alberta, Canada contain vast reserves of heavily 
biodegraded petroleum. They are estimated to contain 1.7 trillion barrels of bitumen 
(Fedorak et al., 2002). In 2013 a total land area of 895 km2 was estimated to have 
been affected by active mining and tailings waste containments (Foght et al., 2017). 
Oil sands ores consist of sand grains that can be surrounded by a microscopic film of 
formation water, complex organic material and bitumen in the unfilled space with 
embedded clay minerals and fine silt (Doan et al., 2012; Foght et al., 2017). Since 
1960, the bitumen has been extracted from the surface mined oil sands using a 
modified Clark Hot Water Extraction process at the temperature of 50 C but the 
extraction process and the conditions vary between operators (Siddique et al., 2007; 
Foght et al., 2017). The ore-water slurry from this process is agitated using aeration 
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to generate a bitumen-rich froth that is recovered at the surface. Diluents such as 
naphtha are used during the froth treatment to increase oil recovery. The result of the 
extraction process generates tailings, which are comprised of clay, silt, sand, 
organics, remaining bitumen and water. Following the expansion of the crude oil 
industry, millions of cubic metres of tailings have been pumped into settling basins or 
tailings ponds located on the processing site. It was estimated that the volume of 1 
billion m3 of impounded mine tailings is being produced with further mining operations 
in development (Foght et al., 2017). Bitumen extraction from surface mined oil sands 
ores generates many environmental issues including disturbance and fragmentation 
of wildlife habitat, large tailings impoundment volumes and vast surface areas 
requiring reclamation, processed water of such toxicity as to preclude its release into 
the environment, river water usage, emission of biogenic greenhouse gases, mercury 
and volatile hydrocarbons, and potential groundwater contamination beneath tailings 
ponds (Siddique et al., 2008; Holden et al., 2011; Small et al., 2015; Foght et al., 
2017). 
Oil sands tailings ponds differ in their history, content and the management practices, 
making it quite difficult to characterise fully the microbial and chemical processes 
taking place. However extensive studies have been carried out on the longest 
established, large ponds, namely ponds operated by Suncor Energy Inc., Syncrude 
Canada Ltd, Shell Albian Sands and Canadian Natural Resources Ltd (Foght et al., 
2017). Types of tailings that have been studied include ponds that contain water-
saturated semi-solid ‘fluid fine tailings’ (FFT) having low solid content ≤8 wt%, 
‘mature fine tailings’ (MFT), having solid content ≥30 wt% and ‘consolidated tailings’ 
(CT), chemically engineered to recover interstitial pore water and decrease solids 
volume by adding gypsum (CaSO42H2O) and tailings sand (Foght et al., 2017). In 
the oil sands tailings ponds the action of the waves and the wind introduces oxygen 
to the uppermost layer of the water, suggesting that the water may be oxic at the 
surface. However the bulk of the water becomes anoxic as the depth increases. Solid 
content also increases with depth. An increase in temperature with depth was 
reported by Penner and Foght (2010) from 12 C  at 6 metres below the surface 
(mbs) to 22 C at 30 mbs in Syncrude’s Mildred Lake Settling Basin. Ramos-Padron 
et al. (2011) reported temperatures from 7 C at the surface to 19 C at 18.3 mbs in 
Suncor Pond 6. 
Due to different treatments of the oil sands tailing ponds, different chemical 
processes have been observed. Methanogenic and sulphate-reducing activities have 
been regarded as the dominant processes, whereas the process of nitrate reduction 
is less prominent due to the low concentrations of nitrate and nitrite (Fedorak et al., 
2002; Penner and Foght, 2010; Stasik and Wendt-Potthoff, 2014). Methanogenesis 
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seems to predominate in Syncrude, Albian Sands and Canadian Natural Resources 
Ltd ponds. Sulphate reduction seems to dominate engineered (gypsum-treated) 
tailings such as Suncor Ponds 5 and 6 and Syncrude’s CT fen reclamation site 
(Foght et al., 2017). 
It has been suggested that microbial communities present in the oil sand ores, which 
could potentially thrive in ores pore water and the associated groundwater or aquifer 
fluids, may be the initial inoculum source for new oil sands tailings ponds (Foght et 
al., 2017). Analysis of samples from two operators who use naphtha diluent, using 
most probable number (MPN), found anaerobic microorganisms in the froth treatment 
tailing. The anaerobic microorganisms comprised nitrate reducers at 104 cells/ml, 
sulphate reducers at 102 cells/ml, methanogens at 10 cells/ml and general 
fermenters at 105 – 107 cells/ml fresh tailings (Foght et al., 2017). 
Over time, methane production has generated gas bubbles in the oil sands ponds 
and it has been attributed to the microbial degradation of the remaining organic 
compounds such as hydrocarbons (Fedorak et al., 2002). Methane flux estimated at 
~40 million L/day, is being emitted from the Syncrude Mildred Lake Settling Basin 
containing ‘mature fine tailings’ (Penner and Foght, 2010). To better understand the 
biogenesis of this greenhouse gas, Penner and Foght (2010) analysed, by 
constructing clone libraries of amplified archaeal and bacterial 16S rRNA genes, the 
methanogenic consortia in MFT samples from depth profiles (6 - 30 mbs) in two 
tailings deposits, namely Mildred Lake Settling Basin and West In-Pit. The 
researchers determined that the archaeal sequences were comparable within and 
between basins and were predominantly (87% of clones) affiliated with acetoclastic 
methanogens Methanosaeta spp. In contrast, bacterial clone libraries were more 
diverse. The majority (~55%) of bacterial sequences related to Proteobacteria, 
including some hydrocarbon-degrading genera presumed to be nitrate-, iron-, or 
sulphate-reducing (e.g., Thauera, Rhodoferax, and Desulfatibacillum). 
The Shell Albian Sands’ Muskeg River Mine tailings pond started to produce 
methane shortly after its establishment. Microbial abundance was investigated by Li 
(2010) in the samples collected in 2007 and 2008 at six different sites. MPN analysis 
estimated the presence of anaerobes such as methanogens, sulphate reducers and 
fermenters to be in the range 105 – 108 cells/mL tailings. Clone libraries of 16S rRNA 
genes showed Betaproteobacteria to be dominant, specifically Albidoferax (formerly 
Rhodoferax) and Acidovorax spp. Most of the archaea sequences were affiliated with 
uncultivated methanogens. Subsequent pyrotag sequencing of 16S rRNA genes 
showed further diversity of bacteria. About 75% of the sequences were bacteria and 
the remainder were archaeal sequences. It was found that Betaproteobacteria 
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sequences were most common with increased abundance of fermenters within the 
Chloroflexi (Anaerolineales) and Actinobacteria (Coriobacteriales) sequences 
(Siddique et al., 2015; Mohamad Shahimin et al., 2016). 
Methane production has also been detected in the Canadian Natural Resources Ltd 
Horizon Mine tailings pond. Analysis of tailings in 2013 using MPN estimated the 
abundance of methanogens, sulphate reducers and fermenters at 103 – 105 cells/mL 
tailings. Analysis of 16S rRNA gene pyrotag libraries showed dominance of archaea 
(~80% of total reads) with Methanomicrobiales (Methanoregula spp.) and 
Methanosarcinales (Methanosaeta spp.) accounting for >95% of the archaeal 
sequences. Fermenting bacteria were dominated by Anaerolineaceae and 
Coriobacteriaceae, and a substantial proportion (~30 – 55%) were the ‘rare’ bacterial 
OTU sequences (Mohamad Shahimin et al., 2016; Foght et al., 2017). 
Methanogenesis also occurs in deposits of crude oil. Most of the altered petroleum 
reservoirs worldwide have undergone biodegradation to some extent, with anaerobic 
hydrocarbon biodegradation as a major process (Head et al., 2003; Aitken et al., 
2004; Gieg et al., 2010). Methanogenic degradation of crude oil has been suggested 
to be the main reason leading to the formation of heavy crude oil deposits (Jones et 
al., 2008; Head et al., 2010).  
Among the electron acceptors available in petroleum reservoirs, the process of 
methanogenic degradation of crude oil hydrocarbons within subsurface ecosystems 
has recently become a focus of research interest. Methane originating from the 
biological methanogenesis of residual oil in reservoirs offers an alternative source of 
energy (Gieg et al., 2008; Jones et al., 2008; Zhou et al., 2012). 
1.1.2 Types of methanogenesis 
In methanogenic environments, degradation of organic matter occurs due to the 
association of fermenting, acetogenic bacteria and methanogenic archaea. 
Methanogenic degradation of organic material in anoxic environments depends 
greatly on the availability of the terminal electron acceptors such as oxygen, 
sulphate, nitrate, and oxidised metal ions Fe3+ and Mn4+. Of particular importance is 
SO4
2- used in sulphate reduction by sulphate reducing bacteria. Methanogenesis 
does not occur until sulphate is nearly exhausted since these processes are in 
constant competition for the electron donors such as hydrogen, formate and acetate 
which are maintained by sulphate reducing bacteria at levels too low to be used by 
methanogens (Banat et al., 1983). In thermodynamic terms, utilisation of H2 and 
acetate by sulphate reducers yields more energy than the utilisation of these 
substrates by methanogens. Thus sulphate reducers outcompete methanogens for 
substrates if there is sufficient sulphate available. When sulphate is nearly 
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exhausted, methanogenesis takes over and completes the terminal steps of 
degradation in anaerobic environments. The oxidation of H2 with terminal electron 
acceptors such as Fe3+, Mn4+ and nitrate is also thermodynamically more favourable 
than methanogenesis. In the presence of these electron acceptors, microorganisms 
that can utilise these compounds such as iron-reducing, magnesium-reducing and 
denitrifying bacteria also outcompete methanogens (Hedderich and Whitman, 2006). 
Under methanogenic conditions biodegradation of organic compounds proceeds in 
the absence of inorganic electron acceptors and the processes that take place are 
fermentation and respiration where protons or bicarbonate are the electron acceptors 
(Stams, 1994). 
In methanogenic environments, complex communities of highly adapted 
microorganisms are involved in the degradation of natural polymers such as 
polysaccharides, nucleic acids, lipids and other carbon containing compounds such 
as hydrocarbons to CO2 and methane (McInerney et al., 1981; Schink and Friedrich, 
1994). Steps involved in the degradation are mediated by fermenting bacteria that 
degrade the more structurally complex polymers to acetate, CO2, formate and H2, all 
of which can be used directly by methanogenic archaea with methane and CO2 as 
final products (Schink, 1997; Hedderich and Whitman, 2006; Schink and Stams, 
2006). The degradation can also produce other longer-chain fatty acids and alcohols 
such as lactate, ethanol, propionate and butyrate which can be utilised by acetogenic 
microorganisms. 
A limited number of substrates can be utilised by methanogenic archaea. These 
substrates are: H2, CO2, acetate, formate, pyruvate, the alcohols ethanol, 2-propanol, 
2-butanol, cyclopentanol, methanol and also methylated amines and sulphur 
compounds (Stams, 1994; Hedderich and Whitman, 2006). 
Methanogenesis proceeds along one of three pathways, depending on the substrate 
present. Hydrogenotrophic methanogens use single carbon compounds such as CO2 
which are reduced to methane gas using H2 and formate. Methylotrophic 
methanogens use C-1 compounds with a methyl group carbon bonded to O, N, or S, 
such as methanol, monomethylamine, dimethylamine, trimethylamine, 
tetramethylammonium, dimethylsulphide and methane thiol (Balch et al., 1979; 
Hedderich and Whitman, 2006). Acetoclastic methanogens use acetate where methyl 
(C-2) carbon is reduced to methane using electrons obtained from the oxidation of 
the carboxyl (C-1) carbon from acetate resulting in CO2 and methane as final 
products (Hedderich and Whitman, 2006). 
7 
 
1.1.3 Methanogenic pathways 
The main methanogenic pathways, hydrogenotrophic, acetoclastic and 
methylotrophic involve a conserved core of enzymes formylmethanofuran 
dehydrogenase (Fwd/Fmd), formylmethanofuran-tetrahydromethanopterin N-
formyltransferase (Ftr), methenyltetrahydromethanopterin cyclohydrolase (Mch), 
methylenetetrahydromethanopterin dehydrogenase (Mtd), H2-forming methylene-
H4MPT dehydrogenase (Hmd), coenzyme F420-dependent N5, N10-
methenyltetrahydromethanopterin reductase (Mer), N5-
methyltetrahydromethanopterin-coenzyme M methyltransferase (Mtr) and methyl 
coenzyme-M reductase complex (Mcr) common to all six orders of methanogens 
(Methanococcales, Methanopyrales, Methanobacteriales, Methanosarcinales, 
Methanomicrobiales and Methanocellales) (Hedderich and Whitman, 2006; Thauer et 
al., 2008; Borrel et al., 2013). 
Methyl coenzyme-M reductase (Mcr) is a terminal enzyme complex which catalyses 
the reduction of the methyl group bound to coenzyme-M with a release of methane 
as an end product. The electrons used for this reduction reaction are generated from 
either H2 or reduced cofactor F420 (F420H2) depending on the pathway. The mcrA 
gene is a known molecular marker for methanogenesis, thought to be ubiquitous 
among methanogenic archaea (Luton et al., 2002). It is noteworthy that mcrA is also 
present in the methanotrophic archaea responsible for the oxidation of methane 
(Meyerdierks et al., 2010). 
The reduction process of CO2 to methyl-S-CoM and finally to methane advances via 
carrier-bound one-carbon intermediates in six stages with formyl-, methenyl-, 
methylene- and methyl-coenzymes as intermediates (Marker 2, Figure 1.1). There 
are three carriers involved in this process which are: methanofuran (MFR), 
tetrahydromethanopterin (H4MPT) or its derivatives, and 2-mercaptoethanesulfonate 
(coenzyme M, HS-CoM). The reaction starts with two electron CO2 MFR reduction to 
form formyl-MFR where the formyl group is bound to the amino group. The next 
stage involves the transfer of the formyl group to the N5 of the H4MPT, generating 
formyl-H4MPT. Formyl-H4MPT cyclizes to methenyl-H4MPT which is reduced to 
methylene- H4MPT with subsequent reduction producing methyl-H4MPT. The methyl 
group from methyl-H4MPT is transferred to the thiol group of coenzyme M, forming 
methyl-S-CoM. In the final stage of the pathway, the formed methyl-thioether is 
reduced to CH4. The electrons required to reduce methyl-S-CoM to methane are 




Methanogenic archaea that can utilise formate, which is a reduced C-1 compound, 
do so by oxidising it through the coenzyme F420-dependent formate dehydrogenase 
(Fdh ABC) (HCOO– + H+ + F420  CO2 + F420H2) and the F420-reducing hydrogenase 
FrhABC (F420H2  F420 + H2) to CO2 and H2. CO2 is further reduced using the 
previously described pathway of Marker 2, Figure 1.1 producing methane (Wood et 
al., 2003; Thauer et al., 2008). 
Methylotrophic methanogenesis takes part in the degradation of C-1 compounds with 
methyl group carbon bonded to O, N, or S such as methanol, mono-, di- and 
trimethylamines, dimethylsulfide, tetramethylammonium and methane thiol. The C-1 
pathway is entered by the transfer of a methyl group from methanol, methylamines 
(mono-, di- and trimethylamine), or dimethyl sulphide to HS-CoM by enzymes specific 
to each substrate producing methyl-S-CoM which is reduced to methane (van der 
Meijden et al., 1983; Wassenaar et al., 1996; Ferguson et al., 2000; Bose et al., 
2008). MtaABC is the specific enzyme for methanol, MtmBC/MtbA for 
monomethylamine, MtbBC/MtbA for dimethylamine, MttBC/MtbA for trimethylamine, 
and MtsA/MtsB for dimethyl sulphide (Marker 3 in Figure 1.1). 
Each system is comprised of two methyltransferases, designated MT1 (MtaB, MtmB, 
MtbB, MttB, and MtqB) and MT2 (MtaA, MtbA, and MtqA), and a substrate-specific 
methylotrophic corrinoid protein (MtaC, MtmC, MtbC, MttC, and MtqC). MT1 
catalyses the methylation of the reduced corrinoid protein, whereas MT2 catalyses 
the transfer of the methyl group from the corrinoid protein to coenzyme M. It is 
noteworthy that in the metabolism of dimethylsulfide the MT1 and MT2 function (both 
methyl transfer reactions) is catalysed by the same subunit (MtsA) (Hedderich and 
Whitman, 2006). 
The electrons for the reduction of methyl-S-CoM are obtained from the oxidation of 
an additional methyl group to CO2 using the reverse steps of the reductive C-1 
pathway (Marker 3, Figure 1.1). Six electrons are generated from the oxidation 
process but only two are required for the reduction of the methyl group to methane. 
Stoichiometrically in this reaction, three molecules of methane are produced for every 
molecule of CO2 formed. In the presence of H2 which acts as an electron donor for 
the reduction of methyl-S-CoM and the methyl group donor the oxidation of methyl is 
inhibited and the methyl groups are reduced to CH4 (Hedderich and Whitman, 2006). 
In acetoclastic methanogenesis, after activation of acetate to acetyl-CoA, the acetyl 
C-C bond is cleft by the complex of acetyl-CoA synthase and carbon monoxide 
dehydrogenase (Acs/CODH) forming methyl-tetrahydrosarcinapterin (CH3-H4SPT) 
CH3-H4SPT is similar in structure and function to tetrahydromethanopterin (H4MPT; 
methyl-H4MPT after methyl group transfer). H4MPT, shown as a black ring near 
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Marker 4 in Figure 1.1, is further reduced to CH4. The electrons required to reduce 
methyl-S-CoM to methane are derived from the oxidation of the acetate carboxyl 
group. The final products of acetoclastic methanogenesis are methane and CO2. 
The final step of methanogenesis is common to all three pathways (Marker 1, Figure 
1.1). 
A central intermediate methyl-coenzyme M (CH3-S-CoM) is converted to methane 
and a mixed disulphide (heterodisulphide) of coenzyme M and coenzyme B (CoM-S-
S-CoB), by reacting with a second thiol coenzyme, coenzyme B. The reaction is 
catalysed by a key enzyme in methanogenesis, methyl-coenzyme M reductase (Mcr, 
Markers 1 and 5, Figure 1.1). 
The generated CoM-S-S-CoB functions as the terminal electron acceptor of different 
respiratory chains. Reduction of this disulphide (CoM-S-S-CoB) is coupled with 
energy conservation heterodisulphide reductase Hdr functioning as a terminal 
reductase. H2 and reduced coenzyme F420 (F420H2) have been previously identified 
as electron donors for the reduction of CoM-S-S-CoB. 
Interestingly, heterodisulphide reductase subunits A, B, C (hdrABC) and N5-
methyltetrahydromethanopterin-coenzyme M methyltransferase subunits A and H 
(mtrAH) are homologues of the genes involved in energy conservation in 
methanogenesis from H2/CO2 and are also shared by non-methanogenic 
microorganisms. They create a sodium motive force that drives adenosine 
triphosphate (ATP) formation (Lloyd et al., 2013). Heterodisulphide reductase 
subunits A, B, C (hdrABC) genes have been found in the genome of the sulphate-
reducing deltaproteobacterium Desulfovibrio vulgaris and shown to be expressed 
during growth on ethanol and sulphate. These genes are believed to encode for an 
Mvh ADG-Hdr ABC-like complex (Thauer et al., 2008). 
Energy-converting [NiFe] hydrogenase subunits A-F (Ech A-F) is a nickel-iron-







Figure 1.1 Three pathways of methanogenesis: hydrogenotrophic pathway (marker 
2), methylotrophic pathway (3), acetoclastic pathway (4). Involved enzymes: 
formylmethanofuran dehydrogenase (Fmd, Fwd); methenyltetrahydromethanopterin 
cyclohydrolase (Mch); formylmethanofuran-tetrahydromethanopterin N-
formyltransferase (Ftr); methylenetetrahydromethanopterin dehydrogenase (Mtd); H2-
forming methylene-H4MPT dehydrogenase (Hmd); coenzyme F420-dependent N5, 
N10-methenyltetrahydromethanopterin reductase (Mer); methyl coenzyme-M 
reductase complex (Mcr); glutathione-independent formaldehyde dehydrogenase 
(Fdh); [NiFe] hydrogenase (Ech); N5-methyltetrahydromethanopterin-coenzyme M 
methyltransferase (Mtr); heterodisulphide reductase (Hdr); acetate kinase (Ack); 
acetyl-CoA synthase/carbon monoxide dehydrogenase complex (ACSS); 
Phosphotransacetylase (Pta); acetyl-CoA decarbonylase (Cdh). Substrate specific 
Methyltransferases – MT1 (MtaB, MtmB, MtbB, MttB, Mts); MT2 (MtaA, MtbA) and 
methylotrophic corrinoid proteins (MtaC, MtmC, MtbC, MttC); MtsA plays the role of 
MT1 and MT2 in catalysing dimethylsulphide. Abbreviations of the carriers involved: 
methanofuran (MF or MFR); tetrahydromethanopterin (H4MPT), and 2-
mercaptoethanesulfonate (coenzyme M, CoM-SH), F420H2, reduced coenzyme F420; 
Fdred, reduced ferredoxin; Fdox, oxidized ferredoxin. 
1.1.4 Methanogenic archaea 
Methanogenic archaea are known to be phylogenetically and metabolically diverse. 
However they can be classified into two groups based on the presence or absence of 
cytochromes and means of energy conservation. Cytochrome-containing (or 
methylotrophic) methanogens use acetate and methylated compounds, with a 
minority (e.g. Methanosarcina barkeri) also capable of using H2 and CO2 for 
methanogenic growth and belong to order Methanosarcinales (highlighted in bold in 
Table 1.1). In contrast, cytochrome-lacking methanogens or hydrogenotrophic 
methanogens belonging to orders Methanopyrales, Methanococcales, 
Methanobacteriales, Methanomicrobiales mainly utilise H2, and sometimes formate, 
for CO2 reduction to methane (Thauer et al., 2008). 
Acetoclastic and hydrogenotrophic methanogens, for example Methanosaeta, 
Methanosarcina, Methanococcoides, Methanoculleus and Methanocorpusculum, 
have been previously found in many diverse environments such as marine and 
freshwater sediments, anaerobic digesters, rumen, sediments, rice paddies and 
groundwater from an aquifer contaminated with gas condensate (Purdy et al., 2002; 




Table 1.1 Methanogenic archaea and the known substrates used for 
methanogenesis. Adapted from Canfield et al. (2005). 
Methanogenic archaea 
Family Genus Utilised substrate 
Methanobacteriaceae 
Methanobrevibacter Formate, H2/CO2 
Methanobacterium Formate, H2/CO2 
Methanothermobacter Formate, H2/CO2 
Methanosphaera Methanol + H2 




pyruvate + CO2 









Methanogenium Formate, H2/CO2 








Methanospirillaceae Methanospirillium Formate, H2/CO2 






Methanolobus Methanol, methylamines 








Methanosaetaceae Methanosaeta Acetate 
1.2  Syntrophy 
Syntrophy has been described as a mutual interaction between two metabolically 
distinct microorganisms which are tightly linked by the requirement to keep the 
exchanged metabolites between the partners at low concentrations (McInerney et al., 
2009; Sieber et al., 2010; Sieber et al., 2012). Syntrophy in anaerobic environments 
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differs from other types of microbial metabolism, such as aerobic fatty acid 
metabolism or denitrification, in that a consortium of interacting microbial species, 
rather than a single microbial species, is required to mineralize organic compounds 
(McInerney et al., 2009; Sieber et al., 2012). In an interdependent lifestyle, the 
microorganisms can degrade compounds such as fatty acids only when the end 
products of degradation, such as hydrogen, formate and acetate, are kept at low 
concentrations. The reactions involved in the syntrophic metabolism of e. g. fatty 
acids and aromatic acids, such as benzoate, are thermodynamically unfavourable 
under standard conditions (1 M concentration, or 1 atm for gases, see Table 1.2). For 
degradation to occur, the methanogens have to keep steady-state pressure low at e. 
g. 10-5 to 10-3 atm, making the reaction thermodynamically favourable (Hedderich 
and Whitman, 2006; Sieber et al., 2010). 
Table 1.2 Reactions of syntrophic metabolism of fatty acids and benzoate, adapted 
from Sieber et al. (2010). 
(a) The reactions were calculated from the data in Thauer et al. (1977) with the free 
energy of formation for benzoate given in Kaiser and Hanselmann (1982) 
(b) The above calculations were made on the bases of partial pressures of H2 of 1 Pa 
and of CH4 of 50 kPa, 50 mM bicarbonate, and the concentrations of the substrates 








- +H+  CH4 +3H2O –135.6 –15.8 
4HCOO- + H2O + H
+  CH4 + 3HCO3
- –130.4 –11.8 
Syntrophic Metabolism 
Acetate- + 4H2O  2HCO3
- + H+ + 4H2 +104.6 –1.5 
Propionate- + 3H2O  Acetate
- + HCO3
- + H+ + 3H2 +76.1 –16.9 
Butyrate- + 2H2O  2 Acetate
- + H+ + 2H2 +48.6 –39.2 
Benzoate- + 7H2O  3 Acetate
- + HCO3
- + 3H+ + 3H2 +70.1 –68.5 
Syntrophic microbial cooperation is prevalent in methanogenic environments and 
usually occurs between fermentative bacteria and methanogenic archaea where a 
transfer of formate, hydrogen or acetate takes place to keep the biodegradation of 
electron rich substrates thermodynamically favourable (McInerney et al., 2008; 
McInerney et al., 2009). Mutual dependence between the syntrophically involved 
organisms is extreme to the point that neither microorganism can function without the 
activity of its partner. 
Degradation of organic material such as fatty and aromatic acids by syntrophic 
methanogenic consortia has been found in many environments, such as the anoxic 
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layer of freshwater sediments and coastal marine sediments, anoxic swamps, 
peatlands and marshes (Schink, 1997; Lelieveld et al., 1998; Reeburgh, 2007). 
Compounds including alcohols, sugars, amino acids and hydrocarbons may also be 
degraded syntrophically (Schink and Stams, 2006; McInerney et al., 2008). 
The bioenergetic perspective of syntrophic metabolism shows little energy release. 
Under optimal conditions, the Gibbs free energy changes are close to equilibrium. 
Furthermore, this energy is shared among the syntrophic consortium (Schink, 1997). 
Thus anaerobic syntrophy has often been referred to as “an extreme lifestyle” 
(McInerney et al., 2007). At low levels of hydrogen, formate and acetate, which are 
considered to inhibit the syntrophic metabolism, the Gibbs free energy change is very 
close to the minimum level of energy needed by the microorganisms to synthesise 
ATP (Schink, 1997; Hoehler, 2004). The required energy has been estimated at 
-23 kJ mol-1, but can be as low as –20 to –15 kJ mol-1 (Schink and Stams, 2006; 
McInerney et al., 2009; Sieber et al., 2010). The growth of a syntrophic consortium 
has been observed at a free energy change of -10 kj mol-1 and less (McInerney et al., 
2009). At such low energy yields, estimated growth rates are less than 
0.005 cells h-1, generating low growth yields of 2.6 g dry weight mole-1 when grown 
on propionate as substrate (Scholten et al., 2000; Adams et al., 2006; McInerney et 
al., 2009). Energy values required for the maintenance of syntrophic metabolisers 
(0.1 to 7.5 kJ h-1) are below values predicted from a relationship derived empirically 
from maintenance energy values of diverse microorganisms that were grown at 
different temperatures (Scholten et al., 2000; Adams et al., 2006; McInerney et al., 
2009). Low maintenance energy requirements by the syntrophic microorganisms 
suggest that they are well adapted to “an extreme lifestyle” where energy is scarce. 
The syntrophic process, of which methanogenesis forms a final stage of degradation, 
and the microbial consortium involved have been studied extensively in laboratories 
using anaerobic digesters, bioreactors treating wastewaters and sewage sludge and 
enrichment cultures containing hydrocarbons and crude oil (Li et al., 1996; Lay et al., 
1998; Lozano et al., 2009). 
Syntrophy is an essential intermediate step in the conversion of natural polymers 
such as nucleic acids, polysaccharides, proteins, lipids and organic compounds 
including hydrocarbons to CO2 and CH4  (McInerney et al., 1981; Schink, 1997). 
Syntrophic degradation can be a rate-limiting step in methanogenesis, making it an 




1.2.1 Organisms capable of syntrophic degradation  
Microorganisms known to take part in syntrophic metabolism have been isolated from 
fresh water sediments, anaerobic digesters and hydrocarbon contaminated 
environments (Dojka et al., 1998; Chen et al., 2005; Grabowski et al., 2005a; 
Grabowski et al., 2005b; Kendall et al., 2006). 
On comparison of the 16S rRNA genes of microorganisms capable of syntrophy it 
was established that the microorganisms fall into two groups, Deltaproteobacteria 
and the low G+C gram positive bacteria (McInerney et al., 2008). Syntrophic 
microorganisms within Deltaproteobacteria are Syntrophus, Syntrophobacter, 
Desulfoglaeba, Geobacter, Desulfovibrio and Pelobacter. Low G+C gram positive 
bacteria include the genera Desulfotomaculum, Pelotomaculum, Sporotomaculum, 
and Syntrophobotulus. Members of Syntrophomonadacea family are also low G+C 
gram positive bacteria with the known syntrophic metabolisers belonging to species 
in Syntrophomonas, Syntrophothermus, and Thermosyntropha genera. 
It is suggested that methane oxidation occurs in syntrophic relationships due to close 
physical association between sulphate reducing bacteria and methane oxidising 
archaea (Boetius et al., 2000). Phylogenetic analysis, microscopic mass 
spectrometric analysis and 13C lipid isotopic determinations identified two groups of 
methanotrophic archaea ANME-1 and ANME-2 that could take part in syntrophic 
methane oxidation (Hinrichs et al., 1999; Orphan et al., 2001; McInerney et al., 
2008). 
Most of the known bacteria that can form part of a syntrophic metabolic partnership 
can also be grown fermentatively in pure culture with the oxidised derivative of the 
metabolised substrate. Examples of such derivatives are: crotonate, found in fatty 
acid oxidation, and fumarate, in the degradation of propionate. However, there are a 
few known exceptions, where some microorganisms appear to be obligate syntrophs. 
These exceptions are the propionate degrader Pelotomaculum schinkii grown in 
coculture with the hydrogenotrophic methanogen Methanospirillum hungatei, 
Pelotomaculum isophthalicicum, a degrader of phthalate isomers and low-molecular 
weight aromatic compounds such as benzoate, which is also grown in coculture with 
Methanospirillum hungatei, and Syntrophomonas zehnderi, a long chain fatty acid 
degrader grown in coculture with the hydrogenotrophic methanogen 
Methanobacterium formicicum (de Bok et al., 2005; Qiu et al., 2006; Sousa et al., 
2007). 
Syntrophomonas wolfei and Syntrophomonas zehnderi, which are syntrophic fatty 
acid oxidisers belonging to Syntrophomonas spp (Table 1.3), have been isolated 
from anaerobic digester sludge. Syntrophothermus lipocalidus, a thermophile, has 
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been isolated from a high temperature up-flow anaerobic sludge blanket reactor 
(UASB) and Thermosyntropha lipolytica, a thermophilic isolate from the alkaline 
volcanic environments of Lake Bogoria, Kenya (McInerney et al., 1981; Svetlitshnyi 
et al., 1996; Sekiguchi et al., 2000; Sousa et al., 2007). 
Table 1.3 Metabolism of fatty acids by syntrophic bacteria, adapted from McInerney 
et al. (2008). Degraded fatty acids are indicated by the number of carbons and the 
colon shows the number of unsaturated bonds if the fatty acid is unsaturated. The 
range of fatty acids thought to be degraded by the microorganisms is indicated by a 





 Pure culture Grown in coculture 
Syntrophomonas 
bryantii 
28–34 C4:1 C4–C11 
Syntrophomonas 
wolfei subsp. wolfei 
















20–48 C4:1 C4–C8 
Syntrophomonas 
erecta subsp. erecta 





















45–60 C4:1 C4–C10; isobutyrate 
Algorimarina butyrica 10–25 None C4, isobutyrate 
Organisms that have been shown to degrade aromatic hydrocarbons and other 
aromatic compounds such as benzoate are summarised in Table 1.4. 
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Members of Firmicutes, Peptococcaceae family, have been found to degrade 
aromatic compounds syntrophically. Sulphate reducing and other closely related 
bacteria of Desulfotomaculum spp have been found in different environments such 
as freshwater and marine sediments and enrichments containing hydrocarbons 
(Ficker et al., 1999; Plugge et al., 2002; Plugge et al., 2011). Desulfotomaculum 
thermobenzoicum subsp. thermosyntrophicum has been isolated from an anaerobic, 
thermophilic digester treating kraft-pulp wastewater. This sulphate reducer was found 
to degrade propionate syntrophically and benzoate in the presence of sulphate 
(Plugge et al., 2002). Some members of genus Pelotomaculum were found to fall 
within the Desulfotomaculum subcluster Ih of non-sulphate reducing syntrophic 
bacteria. These bacteria include Pelotomaculum terephthalicicum and 
Pelotomaculum isophthalicicum, which have been found to degrade phthalate 
isomers and other aromatic compounds in syntrophic association with a 
hydrogenotrophic methanogen (Qiu et al., 2006; McInerney et al., 2008). Another non 
sulphate reducing bacterium which groups with members of the Desulfotomaculum is 
Sporotomaculum syntrophicum, which has been found to utilise benzoate in 
syntrophic association with Methanospirillum hungatei (Qiu et al., 2003). 
Extensively studied Syntrophus species are well known for the syntrophic 
degradation of aromatic compounds. Syntrophus buswellii, Syntrophus gentianae 
and Syntrophus aciditrophicus are all syntrophic degraders of benzoate with 
microorganisms Methanospirillum hungatei and Desulfovibrio, both of which utilise 
hydrogen (Mountfort et al., 1984; Schöcke and Schink, 1997; Jackson et al., 1999). 
Syntrophus spp have been found in many environments, suggesting their global 
importance. Degradation of benzoate by members of this species could indicate that, 
in environments containing or contaminated by hydrocarbons, these organisms may 
play an important role in the syntrophic degradation of hydrocarbons. Sequences 
related to Syntrophus spp have been identified through microbial community analysis 
in environments impacted by hydrocarbons (Dojka et al., 1998; Grabowski et al., 
2005b). 
Syntrophic degradation of many different types of compound such as alcohols, 
saturated and unsaturated fatty acids, hydrocarbons and aromatic compounds has 
been identified in methanogenic environments, suggesting the global importance of 
this process and of the microorganisms involved (McInerney et al., 1981; Mountfort et 
al., 1984; Ficker et al., 1999; Townsend et al., 2003; Qiu et al., 2006). 
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Table 1.4 Metabolism of aromatic compounds by syntrophic bacteria, adapted from 
McInerney et al. (2008). Degraded fatty acids are indicated by the number of 
carbons, and the colon shows the number of unsaturated bonds if the fatty acid is 

































Syntrophus buswellii ND 
C4:1b ; cinnamate; 
C4:1 + benzoate or 
3-phenyl-propionate 
Benzoate, C4:1 




















C4:1; C4:1 + 
benzoate 
Benzoate 
1.3 Properties of the aromatic compounds and distribution in the 
environment 
Aromatic compounds are widely distributed in the natural environment and 
structurally they are very diverse. A large variety of aromatic compounds, known as 
aromatic amino acids, participate in life processes, namely phenyl-alanine, tyrosine 
and tryptophan (Fuchs et al., 2011). Plants are major producers of soluble aromatic 
compounds and also more resilient polymer compounds such as lignin, formed from 
phenyl-propane. Other sources of aromatic compounds include petroleum 
derivatives. Examples of such compounds are benzene, toluene, ethylbenzene and 
xylene (BTEX). The wide distribution of the aromatic compounds and their 
abundance make them an attractive energy source for both aerobic and anaerobic 
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microorganisms. The biosynthesis and degradation of these compounds form a vital 
part of the carbon cycle. 
1.3.1 Characteristics of aromatic compounds 
Aromatic compounds are chemically stable due to the presence in their structure of a 
benzene ring. Benzene is the archetypal aromatic compound with the chemical 
formula C6H6. It was discovered in 1825 by Faraday. In 1865 August Kekulé 
proposed that the structure of this compound is a six-membered ring where the 
single and double bonds alternate (Figure 1.2A) Its structure was later confirmed by a 
diffraction method (Fuchs et al., 2011). 
The molecule is stable for the following reasons. It comprises six C atoms. It is planar 
with equal internal angles of 120 and the C-C bonds are all the same length, 140 
pm, which is between the length of single C-C bonds (154 pm) and double (134 pm) 
C=C bonds. The C-H bonds are also equal in length (110 pm). The structures in 
Figure 1.2A can also be represented as the structures in part B, indicating that the 
bonding is delocalised around the ring. The ring is a circular  bond system which is 
formed from  orbitals above and below the plane of the ring overlapping. 
Delocalised  electrons circulate around the ring in such a way that electron density 
is evenly distributed. The delocalisation of the  electrons makes the structure of the 
benzene ring very stable. This leads the chemistry of the benzene molecule to be 
different from non-aromatic molecules. Non-aromatic compounds with localised C=C 
bonds, for example alkenes, go through electrophilic addition reactions where 
aromatic  bonds are broken and  bonds are formed. Aromatic compounds undergo 
characteristic aromatic substitution reactions. 
 
Figure 1.2 Delocalised bonding model of the benzene ring. (A) Benzene resonance 
structures are proposed structures of benzene as a six-membered carbon ring with 
alternating single and double bonds by August Kekulé. (B) Delocalised  system 
describes an overlap between all six 2 atomic orbitals and a simplified depiction of 
the benzene ring which is exactly equivalent to the benzene resonance structures. 
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Ring substitution by amino-, alkyl-, carboxyl- and hydroxyl- groups leads to the 
formation of the structurally diverse aromatic compounds increasing their biochemical 
reactivity and solubility which makes them bioavailable to a diverse community of 
microorganisms. 
1.3.2 Contribution of aromatic compounds to the environment 
Aromatic compounds are an important component of biomass. Lignin, derived from 
plant material, is a source of biologically produced aromatic compounds (Fuchs et al., 
2011). Other sources of aromatic compounds are fossil fuel deposits such as coal 
seams and crude oil reservoirs. 
Petroleum hydrocarbons can enter the environment in various ways. One such way 
is through seepage such as cold seeps and asphalt pits. In 2003, the National 
Research Council estimated that 600,000 tonnes of oil enters the sea from natural 
seepage every year (National Research Council Committee on Oil in the Sea: Inputs 
and Effects, 2003). 
Crude oil is the main source of liquid fuel. The extraction and transport of crude oil 
have resulted in its accidental spillage, including marine environments where there 
are tanker vessels and offshore wells. Examples of the largest spills are the 1989 
spill of 260,000 barrels of Prudhoe Bay crude oil into Prince William Sound, Alaska, 
due the tanker running aground (Berkey et al., 1991; Pritchard et al., 1992; National 
Research Council Committee on Oil in the Sea: Inputs and Effects, 2003) and the 
release in 2010 of 3.19 million barrels of crude oil over 87 days into the Gulf of 
Mexico due to fire on board the Deepwater Horizon drilling platform (Smithsonian 
National Museum of Natural History, 2016).  
The National Research Council also estimated the anthropogenic release of crude oil 
into marine environments due to extraction to be 38,000 tonnes worldwide each year. 
Transportation of petroleum was estimated to release 150,000 tonnes worldwide 
each year. Release due to human consumption through car usage, boat usage and 
runoff from paved urban areas was estimated to contribute 480,000 tonnes, 
worldwide each year (National Research Council Committee on Oil in the Sea: Inputs 
and Effects, 2003). 
Release of crude oil during on-shore drilling and accidents involving damaged 
pipelines between 1994 and 2000 in the United States, were reported to occur with 
an average yearly volume of over 70,000 barrels (Townsend et al., 2003). 
The refining of oil sands leads to the production of contaminated water which is 
stored in tailings ponds. Tailings pond water contains a mixture of alicyclic, aliphatic 
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and aromatic acids. These long-term storage tailings ponds introduce a risk of 
hydrocarbons leaking into the groundwater and contaminating drinking water 
supplies (Townsend et al., 2003). 
The global abundance of hydrocarbons, their anthropogenic and natural release into 
the environment, substantiates the importance of the processes involved in their 
biodegradation for the balanced global carbon budget. 
1.4 Anaerobic degradation of crude oil and hydrocarbons 
The biosphere comprises a host of different habitats within which microorganisms 
can exist provided nutrients are available and physical conditions are acceptable in 
which degradation may occur. 
One such environment is the deep biosphere. The deep crustal biosphere beneath 
the sea and the land reaches down to about 3 km below the Earth’s surface. Crude 
oil biodegradation has been detected at 4 km suggesting the presence of some 
biological activity at this depth (Head et al., 2003). 
Petroleum reservoirs are deep subsurface biosphere of global economic importance 
since more than 35% of the world’s supply of energy is derived from oil (Gieg et al., 
2010). 
Microorganisms associated with deep biosphere were identified at the beginning of 
the twentieth century, but the existence of the deep subsurface biosphere has been 
accepted only recently (Head et al., 2003). 
Survival in oil reservoirs is difficult due to the high toxicity of the compounds 
comprising crude oil and the scarcity of essential nutrients such as phosphorus. 
Organisms that can withstand such a harsh environment have resorted to very 
efficient processes for the metabolism of available compounds acting as electron 
donors such as hydrocarbons. Iron, sulphate reduction and methanogenesis have 
been identified as the important processes in the biodegradation of hydrocarbons in 
the subsurface (Hunkeler et al., 1998; Zengler et al., 1999; Anderson and Lovley, 
2000; Widdel and Rabus, 2001; Head et al., 2003). 
For many years, the biodegradation of hydrocarbons in the subsurface was thought 
to have been occurring under aerobic conditions, since it is fast enough to be seen in 
the human time scale (Evans et al., 1971; Head et al., 2003; Aitken et al., 2004). 
Aerobic hydrocarbon degradation is well studied and documented and the 
microorganisms involved use the mono and di-oxygenases for the initial attack on the 
hydrocarbons (Díaz et al., 2013; Wang and Shao, 2013). For the process of 
biodegradation to occur under aerobic conditions, the volumes of water required to 
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transport the oxygen is not plausible geologically in most crude oil reservoirs (Aitken 
et al., 2004). The first microorganisms that were isolated from the oilfield waters were 
sulphate reducing anaerobic bacteria from a petroleum reservoir in the Illinois Basin 
(Bastin et al., 1926; Head et al., 2003; Aitken et al., 2004). Other studies which 
investigated subsurface petroleum systems supported that finding by discovering 
other anaerobic microorganisms (Nilsen et al., 1996; Nilsen and Torsvik, 1996; 
Magot et al., 2000; Orphan et al., 2001; Röling et al., 2003). 
Metabolites characteristic of the anaerobic degradation of hydrocarbons have been 
identified in the deep subsurface oil reservoirs and oil sands deposits in Canada. 
They include 2-naphthoic acid, generated during biodegradation of naphthalene, 2-
methylnaphthalene through the reductive pathway, and succinates that formed from 
alkanes by the addition of fumarate to a subterminal carbon or to an alkyl substituent 
in the aromatic hydrocarbons (Head et al., 2003; Aitken et al., 2004). 
Crude oils are complex mixtures, the composition of which varies from one reservoir 
to another. A typical hydrocarbon fraction includes alkanes, cycloalkanes, 
naphthenaromatic hydrocarbons and aromatic compounds representing 50-98% of 
the oil mass (Townsend et al., 2003). 
1.4.1 Biodegradation pathways of monoaromatic compounds 
The microbial catabolism of aromatic compounds involves a variety of peripheral 
pathways through which the activation of structurally diverse substrates occurs. The 
pathways lead to a limited number of common intermediates that are further cleaved 
and processed through a few central pathways to the central metabolism of the cell. 
Biodegradation of monoaromatic hydrocarbons such as benzene, toluene, 
ethylbenzene and xylene (BTEX), which are more susceptible to biodegradation, 
have been studied extensively as growth substrates for pure cultures of sulphate-
reducing bacteria (Beller et al., 1992; Rabus et al., 1993; Harms et al., 1999). Table 
1.5 shows bacteria grown in pure culture or as part of an enrichment capable of 
anaerobic degradation of monoaromatic hydrocarbons or compounds under different 
electron accepting conditions, namely nitrate, sulphate, iron reduction, fermentation 
or grown in syntrophy (adapted from Rabus et al. (2016). 
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Table 1.5 Biodegradation of monoaromatic compounds under a variety of electron 









































Benzoate Fe3+ Deltaproteobacteria 
Magnetospirillum 








Strain mXyS1 Toluene, m-xylene SO4
2 Deltaproteobacteria 














Thauera pCyN2 p-Cymene NO3
− Betaproteobacteria 
The reactions involved in the biodegradation of monoaromatic hydrocarbons are 
illustrated in Figure 1.3. They include an addition of toluene to fumarate to form 
benzylsuccinate (Figure 1.3 a), carboxylation of benzene (Figure 1.3 b), the O2-
independent hydroxylation of ethylbenzene (Figure 1.3 c), and the ATP-dependent 
and ATP-independent variants of reductive dearomatization of the central 
intermediate benzoyl-CoA (Section 1.4.2, Rabus et al. (2016). Additionally it has 
been demonstrated that after the initial attack of these monoaromatic hydrocarbons 
24 
 
the intermediate products are converted to a central metabolite, benzoyl-coenzyme A 
(CoA) (Figure 1.3 Fuchs et al. (2011). 
The degradation of toluene starting with the addition of fumarate to form 
benzylsuccinate was first identified in the denitrifying betaproteobacterium Thauera 
aromatica (strains K172 and T1) and the occurrence of the degradation through 
addition of fumarate was confirmed in other organisms capable of anaerobic toluene 
degradation (Biegert et al., 1996; Boll et al., 2002). (R)-benzylsuccinate is an only 
product produced from the addition of the toluene methyl group to fumarate in the 
stereospecific reaction which is catalysed by benzylsuccinate synthase (Bss), the 
strictly anaerobic glycyl radical enzyme encoded by bssCAB genes in Thauera 
aromatica strain K172 and tutFDG in Thauera aromatica strain T1 (Carmona et al., 
2009; Fuchs et al., 2011). (R)-benzylsuccinate is further activated by succinyl-CoA- 
dependent CoA-transferase to a CoA thioester which is finally degraded through a 
substrate-induced β-oxidation pathway to benzoyl-CoA and succinyl- CoA (see 
Figure 1.3 a. Carmona et al. (2009). It is noteworthy that fumarate addition has been 
shown to take place in the activation of the methyl groups in the degradation of 
xylene, cresol isomers and 2-methylnaphthalene, as well as for activation of carbon 
C-1 in the side chain of ethylbenzene (Fuchs et al., 2011). 
Degradation of benzene has been shown under various electron accepting conditions 
such as iron-, sulphate-, nitrate-reducing and methanogenic (Carmona et al., 2009). 
However only a few studies with pure cultures have been carried out (denitrifying 
Azoarcus and Dechloromonas species.) The mechanisms for the degradation of 
benzene are still unknown. It is noteworthy that benzoate was confirmed as a true 
intermediate in the degradation of benzene in an enrichment of ferric iron-reducing 
culture, where an organism which could oxidise benzene was identified as a member 
of the Gram-positive family Peptococcaceae. This study also provided supportive 
evidence that the initial activation reaction was the direct carboxylation of benzene 
(see Figure 1.3 b, Kunapuli et al. (2008), Carmona et al. (2009). 
The O2-independent hydroxylation of ethylbenzene or propylbenzene by denitrifying 
bacteria Azoarcus spp strains EbN1 and EB1 has been described previously 
(Carmona et al., 2009). The degradation process is initiated by hydroxylating the 
respective side chains at the carbon atom proximal to the ring with water rather than 
O2 acting as a cosubstrate which is catalysed by the enzyme ethylbenzene 
dehydrogenase (Figure 1.3 c). 
Ethylbenzene dehydrogenase is unique in that it catalyses a stereoselective direct 
hydroxylation of a hydrocarbon in the absence of molecular oxygen, a reaction not 
known previously in biochemistry. Ethylbenzene dehydrogenase is a member of the 
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dimethyl sulphoxide (DMSO) reductase family of molybdenum bis-molyb-dopterin-
guanine dinucleotide enzymes and it catalyses water-dependent stereospecific 
hydroxylation of ethylbenzene to 1-(S)-phenylethanol (Carmona et al., 2009; Fuchs et 
al., 2011). The genes identified in Azoarcus spp strains EbN1 and EB1 that are 
thought to be responsible for encoding ethylbenzene dehydrogenase are ebdABC 
(Carmona et al., 2009). The degradation continues with the stereospecific oxidation 
of (S)-1-phenylethanol to acetophenone by a short-chain NAD+ -dependent alcohol 
dehydrogenase, and the ATP-dependent carboxylation of acetophenone to 
benzoylacetate by a highly complex acetophenone carboxylase. Subsequently 
benzoylacetate-CoA ligase activates to benzoylacetyl-CoA which is thiolytically cleft 
by a benzoylacetyl-CoA thiolase to form acetyl-CoA and benzoyl-CoA (Figure 1.3 c, 
Carmona et al. (2009), Fuchs et al. (2011). 
 
Figure 1.3 Degradation of monoaromatic hydrocarbons, adapted from Fuchs et al. 
(2011) a. Addition of fumarate to toluene and subsequent β-oxidation of the 
intermediate benzylsuccinate to benzoyl-CoA. Red shading indicates succinate 
carbons. b. Hydroxylation of ethylbenzene to 1-phenylethanol, and the ATP-
dependent carboxylation of acetophenone involved in the conversion to benzoyl-
CoA. c. Carboxylation as a proposed initial step of anaerobic benzene degradation. 
[ATP] indicates the dependence of the reaction on hydrolysis of the ATP. 
Benzoyl-coenzyme A is also a central metabolite in the ATP-dependent and ATP-
independent variants of reductive dearomatisation of the central intermediate 
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benzoyl-CoA. The central metabolic role of either benzoate or benzoyl-CoA suggests 
that in methanogenic environments containing aromatic hydrocarbons, specifically 
monoaromatic hydrocarbons and other monoaromatic compounds, the process of 
biodegradation can occur in stages: firstly monoaromatic compounds are degraded 
by the primary hydrocarbon degraders, then the intermediate products (e.g. 
benzoate) are degraded, possibly by syntrophic benzoate degrading microorganisms 
belonging to Syntrophus spp such as Syntrophus aciditrophicus or some members of 
Desulfotomaculum spp such as Desulfotomaculum thermobenzoicum, finally leading 
to the utilisation by methanogenic archaea of the benzoate degradation end products 
H2, formate, CO2 and acetate. Ficker et al. (1999) studied the methanogenic 
consortium that was found to degrade toluene enriched from an aquifer contaminated 
by creosote. The study showed benzoate to be an early intermediate in the 
degradation of toluene, a monoaromatic compound. Ficker et al. (1999) hypothesised 
that toluene was degraded by a primary hydrocarbon degrader which they were 
unable to identify. Benzoate may have been degraded by Desulfotomaculum 
species. Formate, hydrogen and acetate, the final products of benzoate degradation, 
were utilised by an acetoclastic Methanosaeta species and a hydrogenotrophic 
Methanospirillum species. 
1.4.2 Anaerobic benzoyl-CoA pathway 
Benzoate has frequently been used as a model compound in studies investigating 
the benzoyl-CoA pathway, which is the central pathway for anaerobic degradation of 
aromatic compounds. The anaerobic degradation of benzoate has been studied in 
detail in denitrifying bacteria Thauera aromatica, Azoarcus spp., Magnetospirillum 
spp., the photosynthetic bacterium Rhodopseudomonas palustris, the strictly 
anaerobic Fe(III)-reducing Geobacter metallireducens and fermentative Syntrophus 
aciditrophicus. The genes encoding enzymatic reactions of the benzoyl-CoA pathway 
have been named differently in the anaerobic microorganisms studied so far. The 
designation of the genes and the microorganism is summarised in Table 1.6 




Table 1.6 Microorganisms and genes encoding benzoate-CoA ligase and the upper 
benzoyl-CoA pathway. Adapted from Carmona et al. (2009). Syntrophus 
aciditrophicus and Geobacter metallireducens are obligate anaerobes hypothesised 
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BCR -
subunit 
  bcrB bzdO bcrB badE 
BCR -
subunit 
  bcrC bzdN bcrC badD 
BCR -
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Enoyl-CoA 
hydratase 









bamA bamA oah bzdY oah badI 
*Rhodopseudomonas palustris synthesises three different enzymes that can catalyse 
activation of benzoate to benzoyl-CoA (benzoate-CoA ligase BadA, 4-
hydroxybenzoate (4-HBA)-CoA ligase HbaA, and cyclohexanecarboxylate-CoA 
ligase AliA). 
Anaerobic benzoate ring reduction was found to occur through a novel enzymatic 
reaction, biological Birch reduction mechanism, where sequential transfer of single 
electrons and protons at extremely low redox potentials takes place. Benzoate 
degradation has been shown to be grouped into an upper pathway that converts 
benzoyl-CoA into an aliphatic C7-dicarboxyl-CoA compound and a lower pathway that 
converts the C7-di-carboxylic CoA ester to acetyl-CoA and CO2 (Figure 1.4). In this 
subsection, the upper pathway will be discussed in more detail. For the detailed 
description of the lower pathway, refer to Carmona et al. (2009). 
The first step of the degradation of benzoate is the activation of benzoate to benzoyl-




Two strategies have been shown to take place during the aromatic-ring cleavage of 
the benzoyl-CoA reduction: ATP dependent ring reduction and ATP independent ring 
reduction. 
ATP dependent ring reduction is catalysed by the class I benzoyl-CoA reductases 
(BCR) which are driven by hydrolysis of the two ATP molecules required to overcome 
the high redox barrier for the reduction of the aromatic ring (Figure 1.4 enzymes 
outlined in red, stage one). Benzoyl-CoA is dearomatised by BCR, generating the 
non-aromatic product cyclohexa-1,5-diene-1-carboxyl-CoA (dienoyl-CoA), which in 
turn is further degraded by the enzymes of the benzoyl-CoA degradation pathway 
through the modified -oxidation reactions, hydrolytic cleavage of the ring and a 
decarboxylation step (Figure 1.4, stages II to V Fuchs et al. (2011). Microorganisms 
known to use an ATP dependent strategy for benzoyl-CoA ring reduction are 
facultative anaerobes Rhodopseudomonas palustris, Thauera aromatic and 
Azoarcus evansii. Homologues for the genes encoding the ATP-dependent BCRs are 
absent from the genomes of obligate anaerobes Geobacter species [Fe(III)-respiring] 
or Syntrophus aciditrophicus (fermenting), suggesting that these microorganisms 
have an alternative method for the reduction of the aromatic ring. 
  
Figure 1.4 Benzoyl-CoA biodegradation pathway. Reaction steps of benzoate 
degradation indicated by roman numerals: activation of benzoate to benzoyl-CoA by 
benzoate-CoA ligase (I); benzoyl-CoA dearomatization by benzoyl-CoA reductase 
(II); modified -oxidation via hydratation (III); dehydrogenation (IV); hydrolytic ring 
cleavage (V). The names of the enzymes correspond to the names of the 
corresponding genes. Metabolites are as follows: benzoyl-CoA, cyclohex-1,5-diene-
1-carbonyl-CoA; 6-hydroxycyclohex-1-ene-1-carbonyl-CoA; 6-ketocyclohex-1-ene-1-
carbonyl-CoA; 3-hydroxypimelyl-CoA. 
The existence of an ATP-independent pathway of aromatic ring reduction has been 
attributed the high energetic cost of the process of benzoyl-CoA formation, in which 
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two ATP equivalents are required to drive the action of AMP-forming benzoyl-CoA 
ligase and further ATP-driven reduction of the aromatic ring. The ATP-independent 
pathway has, to date, been found only in obligate anaerobes such as fermentative 
bacteria. The initial steps of the degradation processes require in total four molecules 
of ATP which is energetically expensive for the obligate anaerobic microorganisms. 
The genes responsible for the encoding of the ATP-dependent class I enzymes have 
not been detected in most of the obligate anaerobes with the exception of iron-
reducing archaeon Ferroglobus placidus (Fuchs et al., 2011). Enzymes associated 
with the ATP-independent pathway, class II benzoyl-CoA reductase, have been 
isolated and characterised in Geobacter metallireducens, an Fe(III)-respiring obligate 
anaerobe (Kung et al., 2009; Fuchs et al., 2011). Eight clustered benzoate-induced 
genes (bamBCDEFGHI) were identified. It was proposed that bamBCDEFGHI could 
be responsible for the encoding of the enzymes associated with the ATP-
independent pathway in obligate anaerobic bacteria (Figure 1.4, enzymes are 
outlined in blue). The individual proteins of the eight cluster BamB-I complex show 
similarities to soluble components of NADH:quinone oxidoreductases (BamGHI), 
electron transfer components of hydrogenases (BamC and selenocysteine containing 
BamF), soluble heterodisulphide reductases (BamDE), and to oxidoreductases 
containing molybdenum (Mo-) or tungsten (W-) aldehyde:ferredoxin (AORs, BamB) 
(Kung et al., 2009). Furthermore no ATP-binding motif was found in the BamB-I 
complex, suggesting that electron transfer to benzoyl-CoA could be independent of 
ATP hydrolysis (Kung et al., 2009; Fuchs et al., 2011). 
Despite the differences between the composition of class I and class II benzoyl-CoA 
reductases, both generate the same 1,5-dienoyl-CoA product which in all anaerobic 
bacteria leads to similar enzymes for the degradation of aromatic compounds. 
1.5 Concluding remarks  
Anaerobic conversion of biomass, organic waste present in the environment or 
remnants of crude oil in reservoirs to methane is important to future strategies for 
alternative energy sources such as bioenergy. The processes involved are mediated 
by consortia of syntrophic organisms. 
Improvements in the culturing of the syntrophic microorganisms, identification of their 
metabolic potential and the diversity of the metabolic pathways and biochemical 
processes involved, aid in the better understanding of the intermediate process 
occurring in different ecosystems. These advances contribute valuable information 




Studies focusing on the deeper understanding of syntrophic metabolism and the 
microorganisms involved will help fill the gaps in understanding of the complex 
microbial world, leading to the development of more sustainable and environmentally 
innocuous sources of energy. 
1.6 Research aim and objectives 
The aim of this project was to understand the microbial communities involved in 
methanogenic degradation of benzoate, to determine the nature of the organisms 
responsible for syntrophic benzoate degradation in contrasting environments (river 
sediment and oil sands) and to establish their metabolic potential. Methanogenic 
biodegradation of crude oil is considered to have been a central process in the 
formation of the world’s heavy oil deposits. Many studies have focussed on microbial 
conversion of crude oil hydrocarbons to methane. Fewer studies have investigated 
more polar compounds in crude oil. 
In this project, benzoate serves as a model aromatic acid found in crude oils with this 
in mind the following objectives were established for the research: 
Objective 1: Demonstrate methanogenic degradation of benzoate in two contrasting 
environments, river sediment and oil sands. 
Objective 2: Determine the nature of the microbial communities involved in 
methanogenic benzoate degradation in these environments. 
Objective 3: Determine the functional capabilities of methanogenic benzoate 
degrading communities from Tyne sediment and oil sands enrichment cultures using 
metagenomic approaches. 
Objective 4: Identification of key syntrophic microbial players in methanogenic 
benzoate degrading cocultures. 
Objective 5: In addition, the effect of sequencing platform (Illumina MiSeq and Ion 
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Chapter 2. Materials and Methods 
Materials and methods described in this chapter are relevant to this and other 
following chapters. Subsequent chapters will have a separate methods and material 
description appropriate to the work carried out.   
2.1 Experimental Procedure overview  
Using sediment from the River Tyne and Athabascan Oil sands, Canada, with 
different carbon sources, actively growing enrichments were set up to study function 
and physiology of microorganisms. The design of our experiments concentrated on 
testing the processes of methanogenesis and syntrophic biodegradation of aromatic 
compounds, hydrocarbons and crude oil. Microcosms were set up using different 
energy sources under methanogenic conditions. These different energy and carbon 
sources were used to compare the pattern of growth of microorganisms in the set up 
microcosms, community structures and their function. 
Appendix P contains a table showing the chapters in which results from each 
enrichment culture are discussed. 
2.1.1 Crude Oil Containing Experiments  
An experiment under methanogenic conditions was set up with either sediment from 
the River Tyne or Athabasca oil sands methanogenic enrichments used as inocula. 
Crude oil was added as energy and carbon sources. Crude oil was provided from 
different oil reservoirs with varying degree of in reservoir hydrocarbon degradation. 
The crude oil used was either heavily degraded oil from the enrichments with 
Albertan oil sands, heavily degraded weathered crude oil provided by Shell PM3 
(Peters and Moldowan scale) or non-degraded weathered crude oil from the North 
Sea reservoirs PM0 (light crude oil). Appendix Q contains the analysis of the 
n-alkane fraction carried out on the PM0 and PM3 crude oils using GC-MS. The 
results of the analyses were provided by Dr Carolyn Aitken and Prof Ian Head, both 
of Newcastle University. 
The Peters and Moldowan scale (PM) ranges from PM0 to PM10. PM0 indicates 
pristine, undegraded crude oil composition which is dominated by n-alkanes (Peters 
and Moldowan, 1993; Bennett et al., 2013). PM3 crude oil contains only low amounts 
of alkanes (Appendix Q).  
A total of 45 microcosms were prepared. Each microcosm was set in triplicate as 
shown in Figure 2.1. Each microcosm containing a total of 100 ml of enrichment, and 
20 ml of headspace. 4.5 ml of Oil sands enrichment or 10 ml of Tyne sediment was 
used as inoculum. 2-Bromoethanesulfonate (BrCH2CH2SO3
-) (BES) was added to 
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certain microcosms as a control. BES is a structural analogue of Coenzyme M (CoM, 
HSCH2CH2SO3
-). CoM is a cofactor and is known to be involved in the final step of 
the biosynthesis of methane. BES is an inhibitor of methanogenesis, the purpose of 
which is to provide a contrast between methanogenic samples, where archaea of 
interest become enriched, and samples with BES, which are not methanogenic and 
where methanogenic archaea do not become enriched. The differences observed in 
the microbial community composition provide information regarding the 
microorganisms involved in methanogenesis. As an additional time-zero control Tyne 
sediment containing microcosms, with and without crude oil, were frozen.  
 
Figure 2.1 Content of the microcosms as set up at the beginning of the experiment 
and additional time-zero controls which were frozen. 
2.1.2 Benzoate Containing Experiments  
Methanogenic incubations containing benzoate as energy and carbon source using 
sediment from the River Tyne or Athabasca oil sands methanogenic enrichments 
were set up. A total of 62 microcosms with benzoate were prepared of which 30 
contained oil sands methanogenic enrichments as inoculum and 32 contained Tyne 
sediment (Figure 2.2). Each microcosm was set up in triplicate. Each microcosm 
contained a total of 100 ml of enrichment with 20 ml headspace. The incubation with 
Tyne sediment was transferred six times to obtain a highly enriched syntrophic 
methanogenic benzoate-degrading culture. The oil sands enrichment initially 
containing sulphate (SO4
2-) were transferred twice with the second incubation still on 
going. Benzoate incubations with oil sands enrichments initially containing 
bicarbonate (HCO3
-) were further transferred three times. The third and final 
enrichment is still on going. 2-Bromoethanesulfonate (BES) was added to certain 





Figure 2.2 Benzoate containing microcosms and their subsequent enrichments with 
Athabasca oil sands enrichments or Tyne sediment as inoculum.  
2.2 Sampling Sites  
2.2.1 River Tyne 
The River Tyne runs through the North East of England and is the ninth largest basin 
in United Kingdom (Figure 2.3). It has a catchment area of approximately 2935 km2 
and an average daily fresh water flow of about 3.9 million m3 (Warburton, 1997). The 
River Tyne runs for 320 km and it is formed from the two rivers the South Tyne being 
the primary source and the North Tyne secondary source. These converge near 
Hexham in Northumberland. The North Tyne originates from the Scottish Borders 
and flows through Kielder Forest which is a rural area of Northumberland. 
The South Tyne is the industrialised tributary. It rises on Alston Moor in Cumbria. The 
area around the South Tyne was mined and supported heavy industry. Heavily mined 
areas include Haydon Bridge, Blanchland (Derwent Valley) between Allenheads and 
Allendale (East and West Allen valleys), Settlingstones near Hexham (Highley et al., 
2000). The minerals mined in these areas included lead, zinc, fluorspar, witherite and 
barite. Settlingstones mine produced 850,000 tonnes of witherite, being the largest 
producers in the world until its closure in 1969. 
After the North and South Tyne  converge at Acomb the River Tyne flows ~100 km 
on its way it provides water to the towns in the North East after which it flows into the 
North Sea east of Newcastle upon Tyne discharging 1.3x109 m3 of fresh water per 
year (Blake, 2010). 
In Newcastle upon Tyne, three tributaries flow into the Tyne. They are the River 
Derwent, the River Team and the Ouseburn.  
The River Derwent at its upper reaches forms Derwent Reservoir close to Consett. 
Consett was one of the major contributors of pollution to the River Tyne. The British 
Steel Corporation plant in Consett discharged waste into the river Derwent together 
with the effluent from the sewage treatment works (Warburton, 1997). 
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The River Team is a heavily industrialised urban stream lacking a supply of clean 
upper water to dilute the large volumes of urban surface run-off and sewage and 
trade effluent. It is the major contributor of pollution to the lower reaches of the River 
Tyne. 
The Ouseburn is a small river in Newcastle which flows through Jesmond Dene and 
heavily populated areas. The Ouseburn has a history of contaminated run-off and 
discharge of sewage (Warburton, 1997). These three tributaries have been important 
contributors of organic materials to the River Tyne and its estuary (Figure 2.3). 
Until 1997, discharge of industrial effluent and sewage to the River Tyne was not 
effectively regulated (Warburton, 1997). In the upper part of Tyne estuary, the 
particulate organic matter is mostly derived from organic carbon and originates from 
peat soils and plants. The lower part of the estuary has a higher proportion of marine 
organic matter and organic matter derived from sewage (Ahad, 2005; Blake, 2010). 
 
Figure 2.3 River Tyne and River Tyne catchment (Tyne River Trust, 2013). 
From the 13th to mid 20th century River Tyne was used as a major route for the export 
of coal, which was mined from the thick coal seems beneath North East England. 
From 1750 until 2008 numerous shipyard operated on the lower reaches of the River 
Tyne (SSRT). 
Unregulated long term disposal of industrial and domestic waste into the river has 
had a significant influence on the ecology of the river giving rise to high levels of 
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pollution, especially increasing amounts of polychlorinated biphenyls (PCBs) and 
polycyclic aromatic hydrocarbons (PAHs) (Archer, 2003; Blake, 2010). 
2.2.2 Sampling site on the River Tyne 
Sediment samples were obtained from the River Tyne at Scotswood (5458N, 
141W). The site is at the lower reaches of the river opposite an active site of heavy 
engineering works and downstream of a former coal-fired power station. Due to the 
location, sediment at this site has been exposed to environmental pollutants such as 
hydrocarbons. Previous work carried out using sediment collected at Scotswood has 
demonstrated potential for anaerobic hydrocarbon degradation (Jones et al., 2008; 
Gray et al., 2011; Aitken et al., 2013; Sherry et al., 2014). 
 
Figure 2.4 Sediment collection from Scotswood, Newcastle upon Tyne. (A) an 
overview image taken from Google Maps™. The arrow indicates the sampling site. 
(B1, B2) images taken on the day of sampling. B1 demonstrates the sediment 
collected for experimental work from the sulfidic black anoxic layer. B2 demonstrates 
the surface sediment on the day of sampling. 
Tyne sediment was collected using an ethanol-sterilised shovel and placed into 
sterilized sampling containers or sampling bags. The site characteristics were 
measured on the day of the sampling using a Hanna Instruments HI98194 portable 
multiparameter (Table 2.1). The depth was measured with an ethanol-sterilised ruler. 
Sediment used to inoculate microcosms was collected from a sulfidic black layer 
beneath the surface of the sediment (Figure 2.4 B1). Oxidised sediment (Figure 2.4 
B2) which is light brown in colour was avoided during the sample collection. 
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Table 2.1 Characteristics of the sediment sampling site measured on 12 May 2014, 
the day of the sampling. 
Sampling and site characteristics 
Sampling depth  5-7 cm  
Temperature of the sediment’s anoxic layer 15.4 C 
Pressure of the sediment’s anoxic layer 770.3 mmHg 
DO (Dissolved Oxygen) level 2.6% (0.26 mg/L) 
Conductivity  2316 CuS/cm 
pH 7.10 
2.3 Source of Oil Sands Samples 
The samples of oil sands used in this experiment were derived from samples taken 
circa 2005 by Dr Casey Hubert, from Athabasca in Canada. 
2.3.1 Athabasca Oil Sands 
Alberta in the Western part of Canada contains one of largest deposits of oil sands 
containing around 174 billion barrels of reserves (Alberta Government, 1995-2017). 
Oil sands deposits are in three areas: Peace River, Athabasca and Cold Lake. 
Together, the three areas cover 140,200 km2 (Alberta Government, 1995-2017). The 
largest of the three is Athabasca oil sands which covers 100,000 km2 in north-eastern 
Alberta. Extraction of oil sands bitumen generates 20% of oil production in Canada, 
estimated to be 1.7 to 2.5 trillion barrels of bitumen (Holowenko et al., 2000; Fedorak 
et al., 2002; Boonfei, 2014). Oil sands comprise a mixture of sand, clay, water and 
bitumen. Bitumen is a very heavy, biodegraded crude oil. Figure 2.5 is a map of the 





Figure 2.5 Location of the Athabasca oil sands deposits in Alberta, Canada. Figure 
adapted from (Einstein, 2006). Arrow indicates the collection site.  
2.3.2 Sampling site, Athabasca Oil Sands 
Oil sands and formation water from the Athabasca Muskeg River oil sands mine 
located 75 km north of Fort McMurray in Alberta, Canada (Figure 2.5) were sampled 
by Dr Hubert (Hubert et al., 2012). In brief, oil sands were collected aseptically from 
an active work site and formation water was taken from wellhead valves after flushing 
for several minutes. Water samples were moved to the laboratory in a cool box and 
stored at 4 C until further use. During transport to the laboratory and microcosm 
preparation all of the collected samples were stored in clean, autoclaved jars filled 
with anaerobic gas (85% N2, 10% CO2, 5% H2). Microcosms were set up using 10 g 
of oil sands sample, 15 ml of the formation water and 60 ml of 0.2 m filtered 
formation water in 158 ml capacity serum bottles. 
The formation water was analysed by Dr Hubert. Its composition was as follows: 
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Table 2.2 Geochemical characteristics of formation waters from oil sands, Alberta, 
Canada (Hubert et al., 2012). 
  
All the formation water samples contained bicarbonate. Minimal inorganic salts 
medium (Widdel and Bak, 1992) was added to the filtered formation water. The 
medium comprised 0.25 g/L NH4Cl, 0.2 g/L KH2PO4 and 1.0 mL/L non-chelated trace 
element and selenite-tungstate solutions. Microcosms were set up with a headspace 
of 85% N2, 10% CO2 and 5% H2 in an anaerobic hood. No extra carbon source was 
added to the microcosms. Five microcosms were set up in duplicate with different 
electron acceptors which were: (T1, T2) 20 mM nitrate, (T3, T4) 20 mM sulphate, (T5, 
T6) 50 mM bicarbonate and (T7, T8) a mixture of 20 mM nitrate with 20 mM sulphate 
and (T9, T10) nothing added (Figure 2.6 A). In microcosms T9 and T10, the electron 
acceptor was oxygen. Microcosms T5 and T6 contained both bicarbonate present in 
the formation water (16 mM) and the bicarbonate added (50 mM). Eight bottles T1 to 
T8 were set up in the anaerobic hood and had 1 mM final concentration sodium 
sulphide (Na2S9H2O) added as a reducing agent. T9 and T10 were sealed under 
aerobic conditions to ensure presence of air in the headspace. This ensured 
presence of O2. A few drops of resazurin were added to all incubations as a redox 
indicator. At the beginning of the experiment the microcosms were incubated on a 
rotary shaker at room temperature in the dark and sampled periodically for methane 
production. Following 2854 days of incubation T3, T4, T5, T6, T9 and T10 produced 








Figure 2.6 (A) Incubations T1 to T10 as described in the text. (B) Methane production 
after 2854 days. (Data from Dr Casey Hubert, University of Calgary, Canada).  
Methane production was observed in some of the enrichments. From this we inferred 
the presence of syntrophic consortia in the incubations carried out by Dr Hubert. 
Microcosms that were initially set up by Dr Hubert under sulphate reducing (T3, T4) 
and methanogenic (T5, T6) conditions and produced methane were further 
transferred by the present experimenter after 3051 days. 
2.4 Experimental set up 
2.4.1 Tyne Sediment inoculum 
Sediment from the River Tyne was collected at Scotswood as described in section 
2.2.2. The sediment sample was stored in the cold room at 4 C. The sediment was 
added to the sterile serum bottles using 1ml sterile syringes with the ends cut off. 
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10 ml of the sediment was added to each bottle under the stream of N2/CO2 gas to 
keep the sample anoxic. 
2.4.2 Oil sands inoculum 
Due to the limited amount of the inocula, methanogenic oil sands incubations were 
gently mixed together depending on the nature of their initial incubation. Microcosms 
which had previously been set up under sulphate reducing conditions were paired 
and mixed together, and microcosms initially containing bicarbonate were mixed 
together, Figure 2.7. These paired microcosms were initially incubated at room 
temperature, in the dark. It was assumed that no issues would arise if the incubations 
were mixed to increase the volume of the inocula for further experiments. 
 
Figure 2.7 Procedure followed to produce the final inocula for subsequent 
experiment. Initial incubation conditions are indicated with electron acceptors e.g. 
SO4
2- sulphate reducing, HCO3
- bicarbonate. 
Before the transfer of the initial oil sands enrichment cultures to new microcosms, 
aliquots of 2 and 7 ml were put aside and frozen for later DNA or sulphate analysis. 
After 3051 days of incubation, inocula of 4.5 ml were taken from the enrichments 
initially containing SO4
2- and initially containing HCO3
-, which produced methane, and 
further transferred to a new set of experiments under methanogenic conditions with 
benzoate or crude oil as substrates. 
2.4.3 Freshwater Medium 
Anaerobic freshwater medium was used to maintain and enrich cultures (Widdel and 
Bak, 1992). Freshwater medium was used because it most closely resembled the 
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formation water used in the enrichment cultures with oil sands set up by Hubert et al., 
(2012). The use of freshwater medium also ensured that the results obtained from 
the oil sands and Tyne sediment enrichment cultures in this thesis are comparable. 
Medium salts were prepared in 1 L MilliQ water and autoclaved at 121 C for 20 min.  
Medium salts solution contained: NaCl, 1 g; MgCl26H2O, 1.2 g; CaCl22H2O, 0.15 g; 
NH4Cl, 0.25 g; KH2PO4, 0.2 g; KCl, 0.5 g. 
Vitamin solution was modified from the recipe of Widdel and Bak. The vitamin 
solution consisted of 1 L of deionised water in which the following were dissolved: 4-
aminobenzoic acid, 40 mg; D-(+)-biotin, 10 mg; nicotinic acid, 100 mg; calcium D-(+)-
pantothenate, 50 mg; pyroxidine dihydrochloride, 150 mg; thiamine prepared in 100 
ml sodium phosphate buffer (10 mM final concentration, adjusted to pH 7.1), 100 mg. 
The final concentration of the vitamin solution was 10 mM adjusted to pH 7.1. 
Vitamin B12 solution was prepared using 5 mg of vitamin B12 dissolved in 100 ml of 
deionised water. Vitamin solution and vitamin B12 solution were filtered through a 
sterile 0.2 m filter.  
Non-chelated trace element mixture consisted of 1 L of deionised water in which the 
following were dissolved: HCl 12.4 ml with the final concentration of 7.7 M, 
FeSO47H2O 2.1 g, H3BO4 30 mg, MnCl24H2O 100 mg, CoCl26H2O 190 mg, 
NiCl26H2O 24 mg, CuCl22H2O 2 mg, ZnSO47H2O 144 mg, Na2MoO47H2O 36 mg.  
Bicarbonate solution final concentration 1 M comprised 30 ml of deionised water and 
NaHCO3 2.52 g. 
Sodium sulphide comprised 50 ml of deionised water and 2.4 g Na2S9H2O. 
Selenite-tungstate solution consisted of 1 L of deionised water in which the following 
were dissolved: NaOH 400 mg final concentration 10 mM, Na2SeO35H2O 6 mg final 
concentration of 0.02 mM, Na2WO42H2O 8 mg final concentration of 0.02 mM. 
None of the above medium components was degassed apart from the deionised 
water used in the preparation of the Na2S9H2O and NaHCO3. The water was 
degassed for about 1 hour under the stream of N2/CO2 gas. 
The non-chelated trace element mixture, bicarbonate solution, selenite-tungstate 
solution, Na2S9H2O were autoclaved at 121 C for 20 min to keep the solutions 
sterile. 
Medium was prepared using adapted Widdel’s system as shown in Figure 2.8. After 
autoclaving of the Widdle flask containing salts solution and a magnet stirrer the flask 
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was taken out and put on a magnetic stirrer to cool down under a constant stream of 
N2/CO2. The headspace of the flask was flushed with N2/CO2 gas at a pressure of 
100 mbar for 5 min. After the flushing, the screw caps at the top of the flask were 
closed to create a small overpressure. The medium was left to cool down for 2 hours. 
After the medium salts solution cooled down to below 80 C, the following medium 
components were added: non-chelated trace element mixture, 1 ml; selenite-
tungstate solution, 1 ml; vitamin solution, 1 ml; vitamin B12 solution, 1 ml; 
bicarbonate solution (NaHCO3, 1.0 M), 30 ml; oxygen scavenger (Na2S9H2O, 
1.0 M), 2.5 ml. When necessary the pH of the medium was adjusted to 7.0 - 7.3 by 
either adding 1 M H2SO4 or 1 M N2CO3. 
A sterilised glass syringe with a flame sterilised needle and a constant stream of 
N2/CO2 was used to flush the headspace of the microcosms during the set-up of the 
microcosm experiments.  
 
Figure 2.8 Widdel’s system used for the preparation of anoxic freshwater medium. 
2.4.4 Materials and solutions prepared before the set-up of the microcosm 
experiments  
120 ml glass serum bottles, butyl rubber stoppers and aluminium crimp seals were 
used to set up the microcosm experiments. The tops of the serum bottles were 
covered with aluminium foil and autoclaved at 120 C for 20 min along with butyl 
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rubber stoppers wrapped in aluminium foil. After sterilisation, serum bottles and 
stoppers were placed in the drying cabinet overnight.  
1 M sodium benzoate stock solution was prepared using MilliQ water. Sodium 
benzoate was weighed out and diluted in 1 L MilliQ water to achieve 1 M sodium 
benzoate stock solution. The stock solution was filter sterilised using a sterile 0.2 m 
filter into an autoclaved Duran bottle. The headspace was flushed with a gas mixture 
of CO2/N2, stoppered using a sterile stopper and secured with a screw cap. 1 mL of 
the stock solution was added to the 100 ml serum bottles giving a final concentration 
of 10 mM of benzoate in the microcosms. 
1 M BES (2-Bromoethanesulfonate BrCH2CH2SO3
-) methanogenic inhibitor was 
prepared prior to setting up the microcosm. 2-Bromoethanesulfonate was dissolved 
in MilliQ water making a 1 M stock solution. The stock solution was filter sterilised, 
using a sterile 0.2 m filter, into an autoclaved Duran bottle. The headspace was 
flushed with a gas mixture of CO2/N2, stoppered using a sterile stopper and secured 
with a screw cap. 1 ml of BES stock solution was added to the serum bottles to 
achieve 10 mM final concentration. 
2.4.5 Preparation of the microcosms containing crude oil 
The microcosms described in this section were prepared in triplicate. The bottles 
were filled with 94 ml of anoxic freshwater medium. It was based on Widdel and 
Bak’s freshwater medium (Widdel and Bak, 1992). To the microcosms containing 
freshwater medium, 4.5 ml of SO4
2- containing oil sands inocula, or 4.5 ml of HCO3
- 
containing oil sands inocula, or 10 ml of sediment from the River Tyne was added 
(Figure 2.9). Energy sources used were 200 mg heavily biodegraded crude oil (PM3) 
or 200 mg of light un-biodegraded North Sea crude oil (PM0). The North Sea crude 
oil was weathered for two weeks to remove all the volatile compounds. The crude oils 
were then added to the microcosms. The serum bottles were crimp-sealed under 
anoxic conditions (flushed with N2/CO2) with grey butyl rubber stoppers. 1 ml of BES 
stock solution was added to half the samples that contained heavy oil or light oil, 




Figure 2.9 The detailed content of the microcosm containing crude oil. Each 
microcosm contains either Tyne sediment or oil sands enrichments and either PM3 
crude oil or PM0 crude oil. Each microcosm also contains freshwater medium. 
Control microcosms contain BES. 
2.4.6 Preparation of the microcosms containing benzoate 
The microcosms described in this section were set up in triplicate. 94 ml of anoxic 
freshwater medium was added to the serum bottles. The medium was based on 
Widdel and Bak’s freshwater medium (Widdel and Bak, 1992) described in section 
2.4.2. To the microcosms containing freshwater medium was added 4.5 ml of initially 
SO4
2- containing oil sands inocula, or 4.5 ml of initially HCO3
- containing oil sands 
inocula, or 10 ml of sediment from the River Tyne (Figure 2.10). Sodium benzoate as 
an energy source was added to the microcosms. 1 ml of 1 M sterile stock solution of 
sodium benzoate (NaC7H5O2) was added to the microcosms, giving a final 
concentration of 10 mM. 1 ml of BES stock solution was added to half the samples 
that contained benzoate giving a final concentration of 10 Mm BES. The serum 
bottles were crimp-sealed under anoxic conditions (flushed with N2/CO2) with grey 




Figure 2.10 The detailed content of the microcosm containing benzoate as a 
substrate. As an inoculum, each microcosm contains either Tyne sediment or oil 
sands enrichments. Each microcosm also contains freshwater medium. Control 
microcosms contain BES. 
2.4.7 Benzoate enrichments 
Either oil sands enrichments with benzoate, or Tyne sediment enrichments with 
benzoate as inocula, described in section 2.4.6, were subcultured. 10% inoculum 
was transferred to a freshwater medium with benzoate (1 ml, 10 mM final 
concentration per 100 ml of medium) as the sole carbon source. Six microcosms 
were set up of which three were BES controls. The microcosms were incubated until 
a stoichiometric amount of methane had been produced and benzoate degraded. 
2.4.8 Oil sands enrichments with benzoate 
Oil sands incubations initially containing HCO3
- were transferred three times. Oil 
sands incubations initially containing SO4
2- were transferred twice. Microcosms were 
set up as follows: 10 ml of inoculum was added to the 120 ml serum bottle with 89 ml 
freshwater anoxic medium and 1 ml benzoate, 10 mM final concentration (Figure 
2.11). As a control BES containing microcosms were set up as follows: 10 ml of 
inoculum was added to a 120 ml microcosm bottles with 88 ml freshwater anoxic 
medium, 1 ml benzoate (10 mM final concentration) and 1 ml BES (10 mM final 
concentration). See section 2.4.6, preparation of microcosms containing benzoate, 
for the experimental set up of the first enrichments. 
At the time of writing (June 2017) the most recent subcultures of both initially SO4
2- 
and initially HCO3
- containing enrichments are still incubating. 
2.4.9 Tyne sediment enrichments with benzoate 
Enrichments with Tyne Sediment and benzoate were transferred six times in total 
(Figure 2.11).  See section 2.4.6, preparation of microcosms containing benzoate, for 
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the experimental set up of the first enrichments containing benzoate and Tyne 
sediment. 
Enrichments 2, 3, and 6 were carried out as described in section 2.4.8 oil sands 
enrichments with benzoate, but with Tyne sediment enrichments as inoculum.  
After benzoate was degraded in the first incubation with Tyne sediment subsequent 
transfers were performed to enrich for benzoate degraders. 
Enrichment two was set up using 10 ml of the inoculum from the first original 
incubation. Triplicate microcosms were set up in 120 ml serum bottles under 
anaerobic conditions using 89 ml of anoxic freshwater medium and 10 mM benzoate 
(1 ml) as an electron donor. Enrichment three was set up in the same way as the 
previous enrichment. The inoculum used was sampled from enrichment two.  
Enrichment 4 was done using two 2 L Duran bottle to which 1 L of fresh water 
medium salts solution was added and autoclaved at 120 C for 20 min. To keep the 
medium salts anoxic and cool them down to about 70 C the solution was bubbled 
through with N2/CO2 gas using sterile 120 mm kwill tubes. After the content of the 
bottles cooled down, other medium components such as vitamins, non-chelated trace 
element mixture, bicarbonate solution, selenite-tungstate solution and oxygen 
scavenger were added as previously described in section 2.4.3. After the medium 
was prepared, the headspace of the Duran bottles was flushed for another 20 min 
with N2/CO2 gas. The bottles were stoppered with sterile stoppers and secured with 
screw caps. Enrichment 3 was used as inoculum. The three methanogenic 
microcosms were combined into a single 500 ml sterile Duran bottle under the stream 
of N2/CO2 and gently mixed. The total volume of inoculum was 190.5 ml. The bottle 
was immediately stoppered tight to keep the anoxic atmosphere of the headspace. 
The inoculum was divided equally between the two 2 L Duran bottles (95.25 ml each) 
and injected through flame and ethanol sterilised stoppers using 50 ml syringes and 
needles with 18G gauge. The Duran bottles already contained 1 L fresh water 
medium and benzoate with a final concentration of 10 mM. 
After all the benzoate was degraded in enrichment 4 a fifth enrichment was prepared. 
The content of the Duran bottles was gently mixed by inverting the bottles two times. 
A 5 ml aliquot of enriched benzoate co-cultures was taken from one of the 2 L Duran 
bottles using an 18G syringe needle and a 20 ml syringe. The needle was exchanged 
before taking 5 ml from a second 2 L Duran bottle containing benzoate degrading co-
cultures. The syringe was gently inverted twice to mix the combined inoculum from 
both Duran bottles. This 10 ml inoculum was added under the stream of N2/CO2 to a 
120 ml serum bottle containing 89 ml of freshwater medium and 1 ml benzoate (final 
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concentration 10 mM) bringing the total volume of the liquid in the microcosm to 
100 ml leaving 20 ml of headspace. Three experiment microcosms were set up with 
three microcosms containing BES as a control.  
 
Figure 2.11 Set up of the enrichment experiments using either oil sands or Tyne 
sediment as inoculum and benzoate as a carbon and energy source. 
2.5 Treatments 
Microcosms were under methanogenic conditions and incubated upside down in the 
dark at 20-25° C (room temperature). 
2.6 Chemical analysis  
2.6.1 Headspace analysis, methane measurements  
Methane measurements were done using Gas Chromatography with Flame 
Ionization Detector GC-FID. Table 2.3 contains details of the instrument specification. 
From the headspace of the microcosms, 100 l gas was sampled using a 100 l 
helium flushed gas-tight, push lock syringe (SGE, Australia). The gas sample was 
injected into the GC-FID. The peaks were integrated and the values were noted 
down. To achieve linear response and a calibration a series of known volumes i.e 20, 
40, 60, 80, 100 l of 1%, 10% or 100% CH4 standards (Scientific & Technical Gases 




Table 2.3 GC-FID specifications used to measure methane in the microcosm study. 
Characteristics Specification 
Gas Chromatograph  HRGC 5160 (Carlo ERBA instruments) 
Detector Flame ionising detector (FID)  
Oven temperature – held isothermally 35 C 
Injection  Split injection 
Column used  
Chrompak pot fused silica capillary 
column 
Internal diameter  0.32 mm 
Length of the column 30 m 
Film thickness  20 m 
Carrier gas  Helium 
Flow rate  2 ml/min 
2.6.2 Benzoate analysis 
The standard curve was determined by diluting 10 mM sodium benzoate in the 
medium salts solution to achieve a range of different concentrations from 0 (blank 
containing only medium salts solution), 0.01, 0.025, 0.05, 0.075, 0.1 mM. 
A 1:1000 dilution of phosphoric acid was made up, in which 10 μl of concentrated 
acid was added to the medium salts solution to make up to a final volume of 10 ml. 
Sodium benzoate concentration was determined spectrophotometrically using a 6705 
UV/Vis Spectrophotometer (Jenway, Bibby Scientific Limited, UK). 1 ml aliquots were 
subsampled from the microcosms every time methane measurements were made. 
The samples were centrifuged for 2 min at 10,000 g. 100 μl of the supernatant was 
diluted in 10 ml medium salts solution to a 0.1 mM concentration within the range of 
spectrophotometer. The absorbance was measured using a quartz cuvette (Suprasil 
quartz cuvette, limit 200-2,500 nm spectral range, pathlength 10 mm, chamber 
volume 1,400 μL, Sigma Aldrich) at a wavelength of 224 nm. 2 μl of the diluted 
phosphoric acid solution was added to the glass cuvette to make up a total 1 ml 
volume before measurements of benzoate absorbance were taken. The amount of 
benzoate present was calculated using the standard curve. 
2.7 Microbial community analysis 
Microbial community analysis was done by extracting nucleic acids from the samples 
and analysing it using both Illumina and Ion Torrent sequencing technologies. 
Illumina and Ion Torrent yield DNA sequences. The sequences are further analysed 
by Quantitative Insight Into Microbial Ecology (QIIME) to produce taxonomic 
assignment and diversity analysis. 
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2.7.1 DNA extraction 
All samples used for DNA extraction were stored in the freezer at -20 C. DNA 
extraction from oil sands samples with benzoate and from Tyne sediment incubations 
with benzoate were done using the PowerSoil DNA Extraction Kit (MO BIO, Calsbad, 
CA, USA) with MP FastPrep-24 Ribolyser. All the work was carried out in the PCR 
cabinet (Labcaire PCR6 active, HEPA filter, 1 UV light, 630 mm wide, Wolf 
Laboratories, UK) under sterile conditions. 
Extraction of DNA from the sample followed the manufacturer’s instructions with 
modifications as follows. The protocol used is described in Appendix A.  
The content of the Mobio PowerBead tube was transferred to a sterile 1.5 ml 
centrifuge tube. 1 ml of the sample was added to the empty Mobio PowerBead tube. 
The sample was centrifuged at 10,000 g for 2 min to precipitate the pellet. After most 
of the supernatant was decanted leaving behind the pellet and 500 l of the liquid, 
the solution containing beads was transferred back into the PowerBead tube. 
After C1 solution was added, the sample was left to incubate on the heating block for 
15 min at 65 C. The samples were then briefly vortexed to mix them with the 
solution. MP FastPrep-24 Ribolyser was used at a speed of 4 ms-1 for 30 sec. The 
sample was then centrifuged at 10,000 g for 2 min at room temperature. After the use 
of MP FastPrep-24 Ribolyser and the centrifugation, 650 l of the supernatant was 
transferred to a clean 2 ml Collection Tube. After C2, C3 or C4 solutions were added 
and the sample was vortexed, it was incubated for 1 to 5 min at room temperature. 
After the addition of C5 solution, the sample was centrifuged at 13,000 g for 2 min at 
room temperature. The flow through was discarded and the sample was centrifuged 
again at 13,000 g for 2 min at room temperature. 100 l of C6 solution was added to 
the Spin Filter in the collection tube containing the sample and incubated on the 
heating block for 30 min at 50 C. After the incubation on the heating block the 
sample was centrifuged at room temperature at 13,000 g for 1 min, then turned onto 
the other side and the centrifugation was repeated. 
With all samples, procedural blanks containing 500 l of molecular biology grade 
water (Sigma, UK) were processed following the same modified protocol. 
2.8 Sample preparation for Ion Torrent sequencing  
In this section the procedure used to prepare DNA for sequencing by Ion Torrent 
(Life Technologies, Inc, now part of ThermoFisher Scientific, UK) is described. An 
overview of the workflow carried out on the samples in preparation for Ion Torrent 
sequencing is shown in (Figure 2.12 Col.1). Results obtained using Ion Torrent 
60 
 
sequencing are compared and discussed in Chapter 3, “Comparison of microbial 
community composition and diversity, using 16S rRNA gene sequence data from Ion 
Torrent and Illumina MiSeq platforms”. 
2.8.1 PCR amplification of 16S rRNA genes 
Amplification of 16S rRNA gene fragments were carried out using universal primers 
F515 (5’GTGNCAGCMGCCGCGGTAA-3’) and 
R926 (5’CCGYCAATTYMTTTRAGTTT-3’) (Quince et al., 2011) which target the V4 
and V5 region of archaeal and bacterial 16S rRNA genes. An assessment of the 
coverage of the primers using TestPrime (Arb-Silva and TestPrime) (http://www.arb-
silva.de/search/testprime/), performed in August 2015, showed that, allowing for one 
mismatch, this primer pair covers 92% of archaeal and 95% of bacterial sequences in 
the Arb-Silva database (Klindworth et al., 2013). Primers were synthesised using the 
instructions on the Ion Amplicon Library Preparation User Guide, Fusion Method (Life 
Technologies, publication number 4468326, revision C). The forward primer 
contained the Ion A adapter, followed by a 12-nucleotide Golay barcode sequence 
(Hamady et al., 2008), a 4-nucleotide key sequence (TCAG) and the F515 primer 
sequence. The reverse primer contained the trP1 adapter and the R926 primer 
sequence. 
PCR amplification was carried out in triplicate in a 50 l reaction volume containing 
1.5 l of the DNA template, 1 l of the reverse (10 M), 1 l (10 M) of the forward 
primers and 46.5 l of the master mix (38.6 l PCR water, 1.0 l of each 
deoxynucleoside triphosphate at 2.5 mM concentration, 1.5 l MgCl2 at 50 mM, 5 μl 
of 10x Taq buffer, 0.4 μl taken from 4U Taq polymerase, Bioline, UK). A Veriti 96 
Well Thermal Cycler was used with the following thermocycling programme: stage 
one, initial denaturation reaction at 95 C for 2 min, followed by stage two, 30 cycles 
of 95 C for 15 sec of denaturation, 55 C for 30 sec annealing of primers, 68 C for 
30 sec elongation; stage three, final elongation at 68 C for 2 min. When the PCR 
reaction was complete, the temperature was held at 4 C. Positive control DNA 
(genomic DNA from Escherichia coli), procedural blanks from the DNA extraction and 
PCR negative controls were included in all PCR runs. 
2.8.2 Agarose gel electrophoresis and gel extraction 
Gel electrophoresis was performed twice, once in order to ascertain the size of 
products of the PCR amplification, including those from control reactions, and again 
to cut out the bands of the amplified DNA, which were of size approximately 400bp.  
The gel electrophoresis used to ascertain the size of products of the PCR 
amplification was carried out using 1% (w/v) agarose gels (UltraPure, Invitrogen, 
Paisley, UK) in 150 ml 1 x TAE buffer (Tris-acetate-EDTA buffer; 40 mM Tris-Acetate, 
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1 mM Na2EDTA, pH 8.3) with 1.6 l of the DNA stain (SYBR Safe DNA gel stain, 
Invitrogen, Paisley, UK). The gel was loaded with 5 l amplified DNA, 3 l loading 
buffer (Blue Juice 10x, Invitrogen, Paisley, UK) and 7 l Hyperladder II 50bp (Bioline, 
UK). Gel electrophoresis was run for 1 h 15 min at 100 V. 
In order to isolate DNA fragments of approximately 400bp, the gel was prepared 
using 1.5% (w/v) agarose gels (UltraPure, Invitrogen, Paisley, UK) in 160 ml of 1 x 
TAE buffer (Tris-acetate-EDTA buffer; 40 mM Tris-Acetate, 1 mM Na2EDTA, pH 8.3) 
with 1.6 l of the DNA stain (SYBR Safe DNA gel stain, Invitrogen, Paisley, UK). The 
gel was loaded with 50 l amplified DNA, 10 l loading buffer (Blue Juice 10x, 
Invitrogen, Paisley, UK), 10 l Hyperladder II 50bp (Bioline, UK). Electrophoresis was 
run for 1 h 15 min at 100 V. 
The products of both electrophoreses were viewed and photographed using a UV 
trans-illuminator (Fluor-S MultiImager, Bio-Rad, UK). The captured images were 
saved using the FluorS gel documentation software, Quantity One (Bio-Rad, UK). 
The DNA fragments of approximately 400bp were cut out of the gel with a sterile 
scalpel. Gel extraction was done using the QIAquick gel extraction kit (Qiagen, 
Hilden, Gearmany, cat. 28706) following the manufacturer’s instructions. DNA was 
eluted in 100 l of MilliQ UV sterilised water. 
2.8.3 DNA purification and size selection 
Following gel extraction PCR products were purified twice with AMPure XP 
(Agencourt, High Wycombe, UK) according to the manufacturer’s instructions in the 
Ion Amplicon Library Preparation User guide, (Fusion Method), page 9, Purify the 
amplicon libraries, (Ion Torrent, Life Technologies, Inc) with the following 
modifications.  
The ratio of the AMPure XP reagent to sample used was 0.7:1 (70 l AMPure XP 
reagent and 100 l sample) instead of 1.8:1. Incubation time after the addition of the 
AMPure XP reagent was 10 min. The samples were incubated on the DynaMag-2 
magnet (Life Technologies, Inc), for 5 min. 200 l of 70% (v/v) ethanol was added to 
the samples. The samples were further incubated at room temperature for 5 min. 
After repeating the ethanol wash, the pellet with the sample was dried in air for 15 
min. The sample was removed from the DynaMag-2 magnet. 70 l of nuclease free 
water was added, and the sample was incubated at room temperature for a further 




The procedure was performed once more using 49 l AMPure XP reagent and 70 l 
sample, preserving the 0.7:1 ratio of the AMPure XP reagent to sample. In the final 
stage, 50 l of the supernatant containing amplicon library was transferred to a new 
tube. 
2.8.4 Amplicon analysis and quantification 
After AMPure purification, amplicon DNA fragments were analysed for sample quality 
and size (480bp) using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA) with an Agilent DNA high sensitivity chip (Agilent Technologies, 
Santa Clara, CA, USA), according to the manufacturer’s instructions (Agilent 
Technologies, 2016). The quantity of amplicon DNA was determined fluorometrically 
using a Qubit fluorimeter with a dsDNA HS Assay Kit according to the manufacturer’s 
protocol (ThermoFisher Scientific, 2015). 
2.8.5 Amplicon library preparation for Ion Torrent Sequencing  
After amplicon DNA was quantified, it was diluted to 26 pM and amplicons from 
different samples were pooled to make an equimolar multiplex library. Template 
preparation and enrichment of DNA in multiplex libraries for Ion Torrent sequencing 
were done using an Ion OT 2 400 Kit (ThermoFisher Scientific, UK) and Ion 
OneTouch ES system (ThermoFisher Scientific, UK) in accordance with the 
manufacturer’s instructions (catalogue number 4479878, publication number 
MAN0007218, revision 2.0). Sequencing was performed on an Ion PGM (Life 
Technologies, Inc) using 400bp sequencing kits (catalogue number 4482002, 
publication number MAN0007242, revision 2.0). The default settings of the Torrent 
Suite software, version 4.0.2, were used for base-calling. 
After sequencing was completed, the FASTQ file generated, which is a file containing 
sequence data and its quality score in a standard format, was used for further 
analysis using QIIME (Caporaso et al., 2010). 
2.8.6 Analysis of Ion Torrent 16S rRNA gene sequence libraries 
FASTQ files generated by Ion Torrent were analysed using an in house pipeline 
(Iceton, 2014). QIIME version 1.7 was used for the first steps of the pipeline. The 
analysis of core diversity was analysed using QIIME version 1.8. 
Data quality control was performed by splitting the reads according to each sample 
barcode. Barcodes and primers were removed and reads of poor quality were filtered 
out. Reads that had a minimum average quality score of below 20 and a maximum 
number of primer mismatches of over 100 and that were below 100 nucleotides in 
length were removed. Sequences were clustered into operational taxonomic units 
(OTUs) using UCLUST (Edgar, 2010) with the default Greengenes database as 
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reference sequences and a 97% similarity threshold. Chimeras were identified using 
ChimeraSlayer. The Greengenes database was used for the taxonomic assignment. 
Full details of the commands used in the pipeline are provided in the Appendix B. 
2.9 Sample preparation for Illumina MiSeq sequencing  
This section describes the procedure used to prepare DNA for sequencing by the 
MiSeq sequencing platform (Illumina, Inc, USA). An overview of the workflow carried 
out on the samples in preparation for sequencing using the Illumina MiSeq 
sequencing platform is shown in (Figure 2.12, Col. 2). The same DNA samples 
prepared for Ion Torrent sequencing (section 2.7.1) were also used for Illumina 
MiSeq sequencing. 
Analysis of samples using Illumina sequencing of 16S rRNA gene amplicon libraries 
and metagenome sequencing was conducted at the Shell Technology Centre 
(Houston, Texas, USA) in collaboration with Dr Nicolas Tsesmetzis and Dr Bart 
Lomans, with the help of Dr Eric Alsop (bioinformatician), Adrien Vigneron 
(postdoctoral research associate) with technical support from Kellie Hull. 
The results of the Illumina sequencing are discussed in Chapters 3, 4 and 5. Chapter 
3 compares the results reported by Illumina and Ion Torrent. For the purposes of 
Chapter 3, the bioinformatics analyses of the Illumina sequences were similar to the 
analyses of Ion Torrent sequences. In Chapters 4 and 5 the analyses of the Illumina 
sequences were as described in Section 2.9 and its subsections. 
2.9.1 PCR amplification of 16S rRNA genes and gel electrophoresis 
PCR amplification of 16S rRNA genes for Illumina MiSeq amplicon library preparation 
(Figure 2.12, Col. 2) was done using universal primers F515 and R926 (Quince et al., 
2011) which target the V4 and V5 region of archaeal and bacterial 16S rRNA genes. 
Positive control DNA (genomic DNA from Escherichia coli), procedural blanks from 
the DNA extraction and PCR negative controls were included in the first and second 
PCR runs. 
Gel electrophoresis was performed in order to ascertain the size of products of the 
PCR amplification, including those from control reactions. 
A second PCR was done using universal primers F515 and R926 with the attached 
overhang adaptors. 
Gel electrophoresis was performed again, including the products of the control 
reactions. The bands of the amplified sample DNA, were cut out. The bands were of 
size approximately 500 to 600bp. 
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The third, and final, Index PCR was performed to introduce dual indices and the 
remaining part of the Illumina sequencing adaptors to the amplicons. 
The following five sections give full details of the PCR and gel electrophoresis 
processes. 
2.9.2 PCR amplification with F515 and R926 primers without adaptor 
sequences 
PCR amplification was initially done using universal primers F515 and R926 without 
adaptor sequences. PCR amplification was carried out in a 25 l reaction volume 
containing 1 l of the DNA template, 0.125 l (0.5 M) of the reverse, 0.125 l 
(0.5 M) of the forward primers, 12.5 l of PCR master mix (Power SYBR Green 
PCR Master Mix 2x, ThermoFisher Scientific, Waltham, MA) which contains 
AmpliTaq Gold DNA polymerase and a blend of dNTPs with dUTP/dUTTP and 
optimised buffer components (concentration not stated by manufacturer) and 11.25 l 
of PCR grade water. A C1000 Touch Thermal Cycler (Bio-Rad, CA, USA) was used 
for PCR reactions, with the following thermocycling programme: stage one, initial 
denaturation reaction at 95 C for 3 min, followed by stage two, 19 cycles of 95 C for 
15 sec of denaturation, 55 C for 30 sec annealing of primers, 72 C for 30 sec 
elongation, then stage three, final elongation at 72 C for 7 min. When the PCR 
reaction was complete, the temperature was held at 4 C. 
2.9.3 Gel electrophoresis to ascertain the size of the PCR products 
1% gel was used to check the products after the first PCR amplification with universal 
primers F515 and R926 without adaptor sequences. 1% (w/v) agarose (UltraPure, 
Invitrogen, Carlsbad, CA, USA) gel was prepared in 150 ml of 1 x TBE buffer (89 mM 
Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3, prepared by diluting 10 x Tris-borate-
EDTA buffer, ThermoFisher Scientific, Waltham, MA, USA) with 7 l of DNA stain 
(SYBR Safe DNA gel stain, Invitrogen, Carlsbad, CA, USA). The gel was loaded with 
9 l of the amplified DNA, 2 l loading buffer (Blue Juice 10x, Invitrogen, Carlsbad, 
CA, USA), 7 l Hyperladder 100bp (Lonza, USA). Gel electrophoresis was run for 1 h 
15 min at 100 V. Agarose gel was viewed and photographed using a myECL Imager 
(ThermoFisher Scientific, USA). 
2.9.4 PCR amplification using F515 and R926 primers with adaptor sequences 
A second round of PCR amplification was performed in duplicate following the same 
protocol as was carried out in the first PCR amplification (section 2.9.2). Amplicon 
DNA from the first round of PCR was used as template and universal primers F515 
and R926 with adaptor sequences. The adaptor sequences are forward overhang: 5’ 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and reverse overhang: 5’ 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG (Illumina, 2017). 
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2.9.5 Gel electrophoresis to isolate DNA fragments of approximately 500 to 
600bp 
This gel electrophoresis process is described in full in this section, since it differs in 
points of detail from the previous gel electrophoresis, as described in section 2.8.2. 
After the second PCR with universal primers F515 and R926 with overhang adaptor 
sequences another 1% (w/v) agarose gel was prepared. The gel was prepared using 
1.7 g of agarose (UltraPure, Invitrogen, Carlsbad, CA, USA), 170 ml of 1 x TBE buffer 
(89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3, prepared by diluting 10 x Tris-
borate-EDTA buffer, ThermoFisher Scientific, Waltham, MA, USA), with 10 l of DNA 
stain (SYBR Safe DNA gel stain, Invitrogen, Carlsbad, CA, USA). The gel was loaded 
with 25 l of the amplified DNA, 4 l loading buffer (Blue Juice 10x, Invitrogen, 
Carlsbad, CA, USA) and 7 l Hyperladder 100bp (Lonza, USA). Gel electrophoresis 
was run for 1 h 15 min at 100 V. The product of the gel electrophoresis was viewed 
and photographed using a myECL Imager (ThermoFisher Scientific, USA). 
The DNA fragments of approximately 500 to 600bp were cut out with x-tracta gel 
extractor (USAscientific, USA). Gel extraction was done using MinElute gel extraction 
kit (Qiagen, Hilden, Germany, cat. 28606) following manufacturer’s instructions. DNA 
was eluted in 10l of the PCR grade water. 
2.9.6 Index PRC, Illumina MiSeq sequencing 
The third PCR amplification was done using the amplicons after the gel extraction. 
PCR amplification was carried out using Illumina’s Nextera Index kit (Illumina Inc, 
San Diego, CA, USA) following the “Index PCR” section of the Illumina “16S 
Metagenomic Sequencing Library Preparation” protocol (Illumina, 2017). A C1000 
Touch Thermal Cycler (Bio-Rad, USA) was used with the following thermocycling 
programme: stage one, initial denaturation reaction at 95 C for 3 min; followed by 
stage two, 11 cycles of 95 C for 30 sec of denaturation, 55 C for 30 sec annealing 
of index primers, 72 C for 30 sec elongation, and stage three, final elongation at 72 
C for 5 min. When the PCR reaction was complete, the temperature was held at 
4 C. 
2.9.7 DNA purification and size selection 
The final Index PCR products were purified using AMPure XP purification beads 
(Agencourt, Takeley, UK) according to the manufacturer’s instructions on page 13 of 
the Illumina protocol “16S Metagenomic Sequencing Library Preparation”, (PCR 
Clean-Up 2) with the following modifications (Illumina, 2017). 
To select for the fragment size of 500bp, 30 l instead of 56 l of the AMPure XP 
solution was added to the PCR strips containing 50 l of the PCR products. 
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After the beads were washed twice with 80% ethanol and air dried, 27 l instead of 
27.5 l of the resuspension buffer was added to the PCR strips and gently mixed by 
pipetting until the beads were fully resuspended. The samples containing 
resuspended beads were incubated at room temperature for 2 min and further 
incubated on the magnetic stand for 2 min until the supernatant cleared.  
In the final stage 25 l of the supernatant containing indexed amplicon library was 
transferred to new PCR strips taking care to avoid the transfer of the beads. 
2.9.8 Amplicon analysis and quantification 
After AMPure purification, amplicon DNA fragments were analysed for sample quality 
and size using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA) with an Agilent DNA 7500 chip (Agilent Technologies, Santa Clara, CA, USA), 
according to the manufacturer’s instructions (Agilent Technologies, 2016). The 
average size of the fragments was 560bp. The quantity of amplicon DNA was 
determined fluorometrically using a Qubit fluorimeter (ThermoFisher Scientific, 
Waltham, MA, USA), with a dsDNA HS Assay Kit (ThermoFisher Scientific, Waltham, 
MA, USA) in accordance with the manufacturer’s protocol (ThermoFisher Scientific, 
2015). 
2.9.9 Amplicon library preparation for Illumina MiSeq sequencing  
The amplicon library and a PhiX control were prepared according to the 
manufacturer’s instructions with slight modifications (“Library Quantification, 
Normalization, and Pooling,” pages 16 to 19 of “16S Metagenomic Sequencing 
Library Preparation” (Illumina, 2017). The MiSeq kit V3 was used. (Illumina Inc, San 
Diego, CA, USA). 
A sample sheet was prepared according to the manufacturer’s instructions and 
uploaded to the MiSeq sequencer (Illumina, 2013). 
After the quantification of indexed amplicons they were diluted to an equimolar mix of 
products with a final concentration of 4 nM in preparation for sequencing on the 
MiSeq System. The pooled library was prepared by mixing aliquots of 5 l from each 
diluted sample in a sterile falcon tube. 
The next step was to denature the DNA. NaOH was prepared in a concentration of 
0.2 M. 5 μl of the pooled library was mixed by pipetting with 5 μl of the NaOH solution 
in a microcentrifuge tube. The mixture was incubated at room temperature for 5 
minutes. 990 μl of pre-chilled HT1 was added to the mixture, producing a 20 pM 




The PhiX control was prepared according to the manufacturer’s instructions (page 
18) with a final concentration of 4 pM.  
30 μl of the PhiX control was mixed with 570 ml of denatured and diluted amplicon 
library and incubated on ice while the MiSeq sequencer was made ready to start. The 
combined amplicon library and PhiX control was loaded onto a MiSeq V3 reagent 
cartridge. The sequencer was then started. 
2.9.10 Analysis of Illumina MiSeq 16S rRNA gene sequence libraries 
This section gives details of the analysis of the output from the Illumina MiSeq 
sequencer.  
FASTQ files generated by the Illumina sequencer were quality filtered and trimmed 
using Sickle (Joshi and Fass, 2011). Reads that had a minimum average quality 
score of below 20 and were less than 180bp were removed. The filtered output 
FASTQ files of the forward and reverse reads generated by Sickle were paired and 
joined using QIIME version1.9. FASTQ files were converted to FASTA files.  
Using a Perl script, FASTA files from a number of samples were combined into a 
single FASTA file, and the corresponding samples were renamed into the QIIME 
format. A new mapping file was also created by the Perl script. 
All further analysis was conducted in QIIME. Sequences were clustered into OTUs 
using BLAST (Altschul et al., 1997) with release 119 of the SILVA database as 
reference sequences and a 97% similarity threshold. The SILVA database was used 
for the taxonomic assignment. Full details of the commands used in the pipeline are 
provided in Appendix C. 
2.10 Metagenome analysis 
This section describes the metagenomics analysis of DNA samples which was done 
in order to establish the metabolic potential of microorganisms in the experimental 
samples. Metagenome analysis was done by using the same DNA samples prepared 
for the amplicon sequencing (section 2.7.1). The Illumina MiSeq sequencer was 
used. 
The steps involved in the workflow carried out in the preparation of the samples for 
sequencing and the analysis of the data generated are shown in (Figure 2.12 Col.3). 
Analysis was carried out on certain samples as follows: DNA from samples of oil 
sands with benzoate first enrichment (section 2.4.8), together with BES controls; 
DNA from samples of oil sands enrichment without benzoate (section 2.4.2); sixth 
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enrichment of Tyne sediment with benzoate (section 2.4.9), and controls. The sixth 
enrichment of Tyne sediment was sampled five times over its period of incubation. 
2.10.1 Quantification and concentration of genomic DNA 
Every sample was quantified using Qubit (ThermoFisher Scientific) with the dsDNA 
HS Assay Kit according to the manufacturer’s instructions. The following samples 
were found to contain less than 0.2 ng/µl of DNA: original oil sands incubations under 
methanogenic or sulphate reducing conditions without benzoate and control 
incubations containing benzoate and BES. Those samples were concentrated using 
Microcon Centrifugal Filter Devices (EMD Millipore Inc., Billerica, MA, USA) following 
the manufacturer’s instructions with modifications (Merckmillipore, 2017). 
The Microcon filter was inserted into an Eppendorf tube. 200 µl of the DNA solution 
to be concentrated was added and centrifuged at 2500 g for 20 min. 200 µl of PCR 
grade water was added to the Microcon filter. The tube was centrifuged at 4000 g for 
one minute. The flowthrough was discarded. The Microcon filter was inverted and 
placed into a new Eppendorf tube. 10 µl of PCR grade water was added and the tube 
was incubated for one hour on a 2 Block, SBH130D heating block (Stuart, 
Staffordshire, UK) at 37º C. The tube was then centrifuged at 3000 g for five minutes. 
The resulting concentrate was stored at -20º C or 4º C, depending on the expected 
length of time before the concentrate was to be used. 
2.10.2 Tagmentation of genomic DNA, PCR amplification and index addition 
DNA was diluted with PCR grade water to 0.2 ng/l. Tagmentation of genomic DNA 
was performed using Nextera XT DNA Library Preparation Kit (Illumina Inc, San 
Diego, CA, USA) following the Illumina NexteraXT library Preparation protocol 
(Illumina, 2016b). 
The tagmentation procedure (page 9 of the NexteraXT library Preparation protocol) 
simultaneously fragments the genomic DNA and adds adaptor sequences to the 
ends of DNA fragments using the Nextera XT transposome.  
The tagmented DNA was amplified using a limited-cycle PCR program (NexteraXT 
library Preparation protocol pages 10 to 12), which adds index 1 (i7) and index 2 (i5) 
and sequences required for the formation of clusters. This resulted in fragmented 
DNA with adaptor and index sequences. 
2.10.3 DNA purification and size selection 
50 l of the PCR products were used with 30 l of the AMPure XP beads solution to 
select for fragments of the 500bp size. 
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The products of the PCR amplification were purified with AMPure XP solution 
following the instructions of the NexteraXT library Preparation protocol, Clean up 
libraries, pages 13 and 14 with modifications to the final stage (Illumina, 2016b). 
In the final stage 15 l of the resuspension buffer (RSB) was added to the PCR strips 
and mixed by pipetting until the beads were fully resuspended. After the supernatant 
was cleared on the magnetic stand, 13 l of the sample was transferred carefully 
avoiding the transfer of beads to the new PCR strips.  
2.10.4 Amplicon analysis and quantification  
After AMPure purification, amplicon DNA fragments were analysed for sample quality 
and size (500-600bp) using an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA) with an Agilent high sensitivity DNA chip (Agilent 
Technologies, Santa Clara, CA, USA), according to the manufacturer’s instructions 
(Agilent Technologies, 2016). The quantity of amplicon DNA was determined 
fluorometrically using a Qubit fluorimeter (ThermoFisher Scientific, UK), with a 
dsDNA HS Assay Kit (ThermoFisher Scientific, UK) according to the manufacturer’s 
protocol (ThermoFisher Scientific, 2015). 
2.10.5 Metagenomic library preparation for Illumina MiSeq sequencing  
The procedure described in this section closely resembles the procedure described 
in (section 2.9.9). The differences are the final library concentration and the absence 
of a PhiX control. 
Metagenome libraries were prepared for sequencing using the Illumina “MiSeq 
System, Denature and Dilute Libraries Guide” (Illumina, 2016a). 
The MiSeq kit V3 was used. (Illumina Inc, San Diego, CA, USA). 
A sample sheet was prepared in accordance with the manufacturer’s instructions and 
uploaded to the MiSeq sequencer (Illumina, 2013). 
After quantification, the indexed DNA fragments were diluted to an equimolar mix of 
products with a final concentration of 4 nM in preparation for sequencing on the 
MiSeq System. The pooled library was prepared by mixing aliquots of 5 l from each 
diluted sample in a sterile falcon tube. 
The next step was to denature the DNA. NaOH was prepared in a concentration of 
0.2 M. 5 μl of the pooled library was mixed by pipetting with 5 μl of the NaOH solution 
in a microcentrifuge tube. The mixture was incubated at room temperature for 5 
minutes. 990 μl of pre-chilled HT1 was added to the mixture, producing a 20 pM 
denatured library. The denatured library was further diluted to 14 pM with HT1 
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making a total volume of 600 μl and placed on ice while the MiSeq sequencer was 
made ready to start. 
The combined, denatured and diluted amplicon library was loaded onto a MiSeq V3 
reagent cartridge. The sequencer was then started. 
2.10.6 Metagenome Data Analysis  
This section describes quality filtering and assembly of the metagenomics reads 
generated by the Illumina MiSeq System sequencer. Reads generated by the MiSeq 
sequencer were assembled twice using two different De Bruijn graph assemblers, 
IDBA_UD assembler and Megahit assembler. Reads that did not assemble during 
the first or second assembly were twice aligned onto the assembled contigs after 
each assembly using BBmap aligner. Appendix D contains full details of the 
commands used in the analysis of the sequences generated for the metagenomics 
analysis. 
FASTQ files generated by the Illumina sequencer were quality filtered and trimmed 
using Sickle (Joshi and Fass, 2011). Reads that had a minimum average quality 
score of below 20 and were less than 100bp were removed. Assembly of the reads 
and required conversion of the FASTQ to FASTA files was done using De Bruijn 
graph (Compeau et al., 2011) De Novo assembler IDBA_UD (Peng, 2009; Peng et 
al., 2012). Alignment of the quality filtered, unassembled reads to the IDBA_UD 
assembled contigs was performed using a short read aligner, BBmap aligner, using 
default parameters (Bushnell, 2014  Marić, 2015).  Unmapped, unassembled reads 
were assembled again using default parameters with a fast, single-node assembler, 
Megahit (Li et al., 2014; Li et al., 2015). The BBmap aligner was used after the 
second assembly to map the unmapped reads to the assembled contigs generated 
by the Megahit assembler. 
Assembled contigs by IDBA_UD and Megahit along with the remaining unmapped, 
unassembled reads were concatenated into a single FASTA file. The generated 
FASTA file was further analysed by IMG.JGI for gene annotation and comparative 
analysis (Markowitz et al., 2012). 
Unassembled reads were also submitted to MG-RAST metagenomics database and 
portal in 2016-2017 for quality filtering, annotation and comparative analysis (Meyer 
et al., 2008; Wilke et al., 2016). 
MG-RAST was used to obtain measures of the abundance of the genes that perform 
a role in syntrophic benzoate degradation and methanogenesis. Genes were 
annotated using the KEGG and COG databases. To remove the bias due to the 
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different sizes of the metagenomes, the number of genes was expressed as a ratio of 
the participating genes to the “housekeeping” genes cysS and dnaK (Ishii et al., 
2015). The genes cysS and dnaK were chosen because they have no known role in 
the decomposition of hydrocarbons and their relative abundance in the metagenomic 
samples of the Tyne sediment final enrichments and oil sands enrichments were 
most nearly constant, which was calculated by establishing the standard deviation of 
the averaged triplicates. The cysS gene encodes cysteinyl-trna synthase (CysRS), 
an important component for protein synthesis (Ruan et al., 2004). The chaperone 
protein dnaK encodes for a universally conserved heat shock protein DnaK (Liberek 






Figure 2.12 Step by step diagram of the molecular techniques and data analysis 
used. Samples were processed in three different ways, certain samples in more than 
one way. Each column indicates a group of samples, the sequencing approach and 
the analysis of that group of samples (16S rRNA, metagenomics). Column one 
identifies all the samples and shows the molecular techniques used in the 16S rRNA 
sample preparation for the Ion Torrent sequencer. Column two identifies all the 
samples and shows the molecular techniques used in the 16S rRNA sample 
preparation for the MiSeq Illumina sequencer. Column three identifies all the samples 
and shows the molecular techniques used in the preparation of the metagenomes for 
the MiSeq Illumina sequencer. 
2.11 Sequence analysis 
Sequence analysis was used to find the closest relatives to the taxa of interest and to 
establish the genetic relationships between them. These genetic relationships were 




Sequences of the most abundant OTUs were aligned using BLASTN 2.6 with the 
default parameters (Altschul et al., 1990; NCBI, 1990). 
Each Ion Torrent sequence was aligned to the corresponding Illumina sequence. 
The alignment was used when comparing Ion Torrent sequences to corresponding 
sequences of the most abundant Illumina OTUs identified as having the same 
taxonomy. 
Alignment was also performed using the sequences of the most abundant 
Syntrophus, Methanosaeta and Methanosarcina, Desulfotomaculum and 
Syntrophomonas OTUs to identify the closest relatives to species level. 
2.11.2 Reclassification 
The purpose of reclassification was to ensure that sequences had been correctly 
identified. 
After QIIME analysis, the sequences of the most abundant OTUs were extracted 
from Illumina MiSeq and Ion Torrent PGM datasets. These sequences were 
reclassified using the SINA aligner of the SILVA with the default parameters except 
for a minimum identity of 0.5 and 1 neighbour per sequence (Pruesse et al., 2007). 
Sequences below 70% identity were rejected. 
2.11.3 Phylogenetic distance tree 
Phylogenetic trees were constructed for the OTUs identified in QIIME as 
Methanosarcina and Desulfotomaculum. 
After QIIME analysis sequences were uploaded to the Ribosomal Database Project 
(RDP) to determine the relatives of the dominant phylotypes using the ‘Sequence 
Match’ option in RDP (Cole et al., 2009). The S_ab score was used to determine the 
closest relatives for use in generating the phylogenetic tree. The ‘Sequence Match’ 
option finds the closest relatives of the predominant sequences by finding sequences 
in the database that share the most 7-mers with the starting sequence. A 7-mer, also 
known as a ‘word,’ is a group of seven contiguous, consecutive base pairs 
(Ribosomal Database Project, 2012). An S_ab score is the percentage of 7-mers 
shared between the sequences compared 
Molecular Evolutionary Genetics Analysis (MEGA) version 7 was used to show the 
relationships between sequences in the form of a tree (Kumar et al., 2016). 
Sequences were uploaded to MEGA and aligned with its MUSCLE option using the 
default parameters. After alignment the sequences were trimmed. The maximum 
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likelihood tree was constructed after the estimation of the best evolutionary model. 
Bootstrap resampling was performed with 2000 replicates in MEGA. 
2.12 Statistical analysis 
All statistical computation was done with R version 3.2.2. Statistical calculations in 
this thesis are reported as p values, where values of p close to 0 indicate statistically 
significant results. The threshold of significance is taken to be p = 0.05. Particular 
statistical calculations may also report other values, which are contributors to the 
calculation of p but specific to the statistical technique that reports them. 
The packages used with the R interpreter were as follows: Ggbiplot, Ggplot2, Gplots, 
Graphics, Ggfortify Lattice, Made4, Pca3d, RColorBrewer, Scatterplot3d, Stats, 
Vegan, Vegan3d, VennDiagram. Some of the listed packages were used directly and 
some of the packages were invoked by the functions in use. 
2.12.1 Descriptive statistics 
Descriptive statistics, namely mean, median, skewness, kurtosis and standard 
deviation, were calculated and used in conjunction with histograms, to determine to 
what extent the data were normally distributed. Attempts were made to transform 
subsets of the data into a normal distribution, including logarithmic, power and root 
transforms. No suitable transform was found. The following transforms were tried: 
           
             
       Values of n between 0 and 1 were tried 
       
           Values of k = 1, 10 and 100 were tried 
             n = 0.12 was tried 
       
Data regarding the abundances of taxa found by different sequencers was illustrated 
as Venn diagrams and as histograms. 
2.12.2 Non parametric analysis of variance 
In order to isolate, as best possible, the effects of experimental treatments taking 
account of the differences between groups and triplicates, the data were analysed 
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using permutational multivariate analysis of variance. This analysis also takes 
account of higher order interaction effects.  
2.12.3 Measures of diversity 
Alpha diversity of the community was measured with various standard indices, 
namely Fisher’s alpha, Shannon-Wiener, Simpson and Inverse Simpson. 
A metric of similarity, based on Jaccard’s similarity index but suited to non-integer 
relative abundance data, was used to measure the similarity of cultures at different 
levels of taxonomic classification. The patterns of similarity were compared using the 
Kruskal Wallace rank sum test. 
It was necessary to adapt Jaccard’s formula to measure the similarity between two 
sets of relative abundances. The adapted formula is: 
      
      
 
which may be rearranged, giving: 
 
           
           
 
where Ai and Bi are the relative abundances of microorganism i  in cultures A and B. 




Table 2.4 Formulae of the metrics of diversity used by the Diversity function in the 
Vegan package in R 
Simpson diversity index 
    
 
 
   
where n is the number of each species collected and N 
is the total number of all species 






where n is the number of each species collected and N 
is the total number of all species 
Shannon–Wiener 
diversity index             
pi is the proportion of individuals belonging to species i 
Fisher’s alpha  




S is the number of species and N is the number of 
individuals. The equation is usually solved iteratively. 
Ordination analysis was carried out with canonical correspondence analysis (CCA) 
and non metric multidimensional scaling (NMDS) and used as a form of beta diversity 
analysis, illustrating a comparison of the communities sustained by different cultures 
under different experimental treatments. NMDS was calculated using Bray-Curtis 
similarities. 
Where communities were compared, the larger were rarefied to the size of the 
smallest community in order to represent more fairly the proportion of species 
contained in them.  
2.12.4 Hierarchical clustering analysis 
To illustrate the development of the community over time, hierarchical clustering 
analysis was used, correlating related data with Spearman’s rho and grouping related 
data with the Ward D2 clustering method. Hierarchical clustering analysis was also 
used to illustrate the similarities and differences between the most abundant taxa in 
cultures at different taxonomic levels of classification. 
2.12.5 Comparative analyses 
In order to measure the performance of Illumina MiSeq and Ion Torrent sequencers 
in detecting OTUs, Spearman’s rho was calculated. The abundances of OTUs 
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detected by the two sequencers were compared using Student’s t for related 
samples.  
The numbers of genes of interest present in communities with and without BES were 
compared using Student’s t for related samples. 
2.13 Microscopic analysis 
The following procedure was performed in order to inspect and take 
photomicrographs of the microorganisms in the samples.  
2.13.1 Sample preparation 
10 l of freshly sampled culture were diluted in 990 l filtered sterile 1 phosphate-
buffered saline (PBS) solution. SYBR Gold solution (SYBR Gold Nucleic Acid Gel 
Stain 10,000 Concentrate in DMSO, Catalog number S11494, from Thermo Fisher 
Scientific) was diluted with filtered sterile 1 PBS to 100. 50 l of the diluted SYBR 
Gold solution was added to each sample. The samples were wrapped in foil because 
of the sensitivity of SYBR Gold to light, and they were incubated at room temperature 
for 30 minutes. 
2.13.2 Filtration 
Sterile Millipore filters (Isopore membrane filters, 13 mm, 0.2 M pore size, 
Millipore catalogue number GTBP01300) were placed aseptically into a previously 
sterilised Millipore filter holder and inserted into a volumetric flask attached to a 
vacuum pump. The sample was mixed and transferred onto the filter, washed three 
times with 1 ml sterile water and left to dry for two to three minutes after the final 
wash with the pump running. The filter carrying the sample was then transferred onto 
a microscope slide containing a small drop of Citifluor and a further small drop of 
Citifluor was added on top of the filter. Finally a cover slip was placed over the slide. 
2.13.3 Microscopy 
The microscope used is the Nikon Eclipse Ci. Digital images were taken in the dark 
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Chapter 3. Comparison of microbial community composition 
and diversity, using 16S rRNA gene sequence data from 
Ion Torrent and Illumina MiSeq platforms 
3.1 Introduction 
Studies focusing on the relationship between microorganisms and environment in 
recent years have benefitted greatly from the rapid development of high-throughput 
sequencing technologies and improvement in the associated molecular techniques. 
Better sample handling, more robust DNA extraction and preservation techniques, 
improved specificity of enzymes for more accurate PCR amplification and easier to 
follow DNA library preparations have contributed to increases in the quantity and 
quality of data, and reductions in the time from sampling to generation of useable 
data. 
Metagenomics, metatranscriptomics and metaproteomics have greatly expanded 
scientific understanding of the metabolic capabilities of the microorganisms involved 
in a range of processes of environmental significance (Iverson et al., 2012; Ishii et al., 
2015; Tan et al., 2015; Oberding and Gieg, 2016; Xie et al., 2016). Technical 
advances in next generation sequencing (NGS) present an opportunity to compare 
the composition of microbial communities, discover previously unknown 
microorganisms in different environments and establish dynamics of microbial 
communities in space and time, driven by natural fluctuations or human activity 
(Iverson et al., 2012; Kimes et al., 2013; Oberding and Gieg, 2016). 
The speed of the development of high throughput sequencing technologies often 
limits the opportunity to verify whether data generated from newer sequencing 
platforms can be directly compared with data generated by older technologies. As an 
example, the first high-throughput sequencer was the GS20, which used a 
technology known as 454 pyrosequencing (454 Life Sciences; Branford, CT, USA; 
now Roche, Basel), a revolutionary non-Sanger technology which sequences and 
assembles genomes de novo (Margulies et al., 2005; Rothberg and Leamon, 2008). 
The GS20 was launched in 2005 and by mid 2016, no machine using 454 
sequencing technology remained on sale. 454 pyrosequencing has been replaced as 
the sequencing technology in general use by ‘Next-Generation Sequencing.’ The two 
most common NGS platforms are Illumina and Ion Torrent. 
Ion Torrent sequencing is based on amplification of target DNA by emulsion PCR 
and sequencing by synthesis, with detection of nucleotide incorporation by 
measuring the release of protons from the reaction (Rothberg et al., 2011). Illumina 
sequencing is based on bridge amplification and also sequencing by synthesis, but 
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the detection of nucleotide incorporation is assessed by light released from 
chemiluminescent reagents (Bentley et al., 2008). 
The Illumina MiSeq sequencing platform was described by Loman and colleagues as 
having the highest throughput per run of 1.6 gigabases per run (Gb/run), 
60 megabases per hour (Mb/h), with the lowest error rates. Ion Torrent PGM run in 
100bp mode had the highest throughput per hour of 80-100 Mb/h but it is prone to 
producing homopolymer-associated indel errors, 1.5 errors per 100 bases (Loman et 
al., 2012). At the time of writing Ion Torrent is marketing its Ion PI™ Chip for genome 
sequencing with an appreciably higher throughput of up to 5 Gb/h (ThermoFisher 
Scientific, 2016).  
The rapid innovation of sequencing technologies has led to an increase in 
methodological variables. Differences in sampling, sample storage, extractions of 
DNA, use of primers, read length, size of the insert, pipelines used for the analysis 
and parameters used in the pipelines have made it difficult to compare and 
reproduce the results generated by different sequencing platforms (Pylro et al., 2014; 
Clooney et al., 2016). 
Apart from the different experimental procedures and differences in sample handling 
listed above, sequencing errors, PCR errors, formations of chimerae and 
pseudogenes can introduce noise, leading to biased estimates of diversity and taxon 
abundance (Sinclair et al., 2015). The use of different primers on different 
sequencing platforms can also introduce variation in the data generated (Claesson et 
al., 2010; Salipante et al., 2014; Tremblay et al., 2015; Clooney et al., 2016). A study 
conducted by Clooney et al. assessing different sequencing technologies using two 
amplicon primer combinations, V1-V2 and V4-V5, amplified from human stool 
samples demonstrated variation in the results. Each sequencing technology had its 
merits and demerits (Clooney et al., 2016). The differences in the results between 
Illumina MiSeq and Ion Torrent PGM observed when assessing different primer 
combinations were of particular interest. Analysis of Ion Torrent sequences using 
primers V1-V2 yielded the higher species count. Conversely, despite having large 
numbers of reads, Illumina MiSeq results showed the lower number of identified 
unique species (Clooney et al., 2016). The researchers concluded that the analyses 
of sequences using V4-V5 primers were more reliable when the sequences were 
sequenced on both platforms. The same conclusion was reached in a study 
conducted by Claesson and colleagues when assessing the six tandem combinations 
of 16S rRNA gene variable regions sequenced on 454 Titanium and Illumina 
(Claesson et al., 2010). 
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Previous studies comparing the outputs from different sequencing technologies have 
been conducted using mock bacterial communities, human-derived microbiological 
specimens (Salipante et al., 2014; Clooney et al., 2016) and E.coli isolates (Loman et 
al., 2012; Junemann et al., 2013). However, few such studies have been carried out 
using samples from the environment or enrichment cultures to compare the outputs 
of different sequencing platforms (Pylro et al., 2014). 
In this chapter outputs from two sequencing technologies, the Ion Torrent Personal 
Genome Machine (PGM) and the Illumina MiSeq are contrasted. The V4-V5 regions 
of 16S rRNA genes amplified from methanogenic benzoate degrading enrichment 
cultures and cultures containing 2-Bromoethanesulfonate (BES), a methanogenesis 
inhibitor, were sequenced. A comparison is made between the datasets generated 
from enrichment cultures comprising three experimental groups. Each sample was 
triplicated to allow a more robust statistical analysis of the results obtained. 
Characterisation of the raw data and in depth analysis of different levels of taxonomic 
classification provide a useful addition to existing work. The analysis of relative 
abundances by means of a similarity coefficient and correlations evaluates 
similarities and differences between the datasets at different taxonomic levels. 
The overall aim was to determine whether the inferred community structure was 
similar regardless of the sequencing platform and whether both sequencing platforms 
showed the triplicated samples to have similar structures.  
It was hypothesised that, regardless of the sequencing method, 
(i) The microbial community would exhibit the same composition. 
(ii) Diversity analysis would identify the same samples as most and least diverse.  
The datasets were investigated using basic statistical methods and the community 
structure was assessed using the relative abundance tables at different levels of 
classification (phylum to genus). In addition, estimates of community diversity were 
compared using a range of widely used diversity indices. Alpha diversity within each 
sample was calculated using Shannon-Wiener, Fisher’s , Simpson and Inverse 
Simpson indices. Rarefaction curves were used to estimate the richness of the 
sequenced samples (Sinclair et al., 2015). 
3.2 Materials and methods 
3.2.1 Samples 
Methanogenic, benzoate-degrading enrichment cultures were prepared under anoxic 
conditions in 120 ml crimp-sealed serum bottles with Tyne sediment as inoculum. 
The enrichment cultures formed three experimental groups as follows: the first 
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incubations with benzoate, the final incubations with benzoate (after one transfer) 
and the final incubations with benzoate and BES. 
Each experimental group was formed of triplicate microcosms and incubated under 
identical experimental conditions. A detailed description of the sampling site and 
microcosm set up is given in subsections 2.2.2 and 2.4.5 respectively of the Materials 
and Methods in Chapter 2. 
3.2.2 DNA extraction and library preparation 
Genomic DNA was extracted from enrichment culture samples (1 ml) using a 
PowerSoil DNA Extraction Kit (MO BIO, Calsbad, CA, USA) with MP FastPrep-24 
Ribolyser with some modification (see Materials and Methods 2.7.1). 
3.2.3 Amplification of 16S rRNA genes and library preparation for Illumina 
MiSeq and Ion Torrent (PGM) sequencing 
Archaeal and bacterial 16S rRNA genes were amplified using universal primers F515 
(5’GTGNCAGCMGCCGCGGTAA-3’) and R926 (5’CCGYCAATTYMTTTRAGTTT-3’) 
(Quince et al., 2011) targeting the V4 and V5 region of the 16S rRNA gene (see 
Materials and Methods 2.8.1). 16S rRNA gene amplicons were prepared for 
sequencing according to MiSeq and Ion Torrent manufacturer’s protocols (Materials 
and Methods 2.8.5 and 2.9.9). 
Ion Torrent sequencing was conducted in the School of Civil Engineering and 
Geosciences of Newcastle University, UK. Illumina MiSeq sequencing was 
conducted in the Shell Technology Centre, Houston, Texas, USA. 
3.2.4 Analysis of 16S rRNA gene sequence libraries 
QIIME was used for the analysis of sequences generated by both Ion Torrent and 
Illumina sequencers. Initial quality filtering was performed differently for MiSeq and 
Ion Torrent datasets due to the differences between the FASTQ files from the two 
sequencing platforms.  
FASTQ files generated by the Ion Torrent PGM were analysed using an in house 
pipeline (Iceton, 2014). QIIME version 1.7 was used for the quality filtering. The Ion 
Torrent data quality analysis comprised the following steps; reads were split 
according to sample barcode, barcode and primer sequences, and poor quality reads 
were removed. Quality filtering removed reads that had a minimum average quality 
score below 20, and/or were less than 100 nucleotides in length. 
FASTQ files generated by the Illumina MiSeq were quality filtered and trimmed using 
Sickle (Joshi and Fass, 2011). Reads that had a minimum average quality score of 
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below 20 and were less than 180bp were removed. The filtered output FASTQ files of 
forward and reverse reads generated by Sickle were paired and joined using QIIME 
version 1.9. FASTQ files were converted to FASTA files. FASTA files from multiple 
samples were combined into a single FASTA file. The sample name format was 
converted to a QIIME compatible format and a new mapping file was generated using 
a PERL script (Appendix C, sections 1 to 4). 
For each dataset, sequences were clustered into operational taxonomic units (OTUs) 
using UCLUST (Edgar, 2010) following the open reference OTU clustering method 
with the default Greengenes database as reference database and a 97% similarity 
threshold. Chimeras were identified using ChimeraSlayer. The Greengenes database 
was used for the taxonomic assignment for Illumina MiSeq and Ion Torrent datasets. 
The analysis of core diversity was performed using QIIME version 1.8. Full details of 
the commands used in the pipeline are provided in Appendices B (Ion Torrent) and C 
(Illumina MiSeq). 
3.2.5 Sequence analysis  
Sequences of the most abundant OTUs were aligned using BLASTN 2.6 (Altschul et 
al., 1990; NCBI, 1990) with the default parameters. Each Ion Torrent sequence was 
aligned to the corresponding Illumina sequence. The sequences were identified using 
SILVA with the default parameters except for a minimum identity of 0.5 and 1 
neighbour per sequence (Pruesse et al., 2007; Quast et al., 2013). Sequences below 
70% identity were rejected. 
3.2.6 Statistical analysis 
All statistical analysis was carried out using R version 3.2.2 (Logares et al., 2012). 
The OTU abundance and taxa relative abundance output from QIIME analysis of 
sequence data was used for comparative statistical analysis of microbial community 
profiles generated with the different sequencing platforms. 
An attempt was made to transform the OTU datasets into a normal distribution 
(Materials and Methods 2.12.1) but no suitable transformation was achieved. This led 
to the use of non-parametric statistics. The OTU data distribution was summarised 
using basic descriptive statistics: mean, standard deviation, skewness and kurtosis. 
The number of OTUs from each sequencing platform was compared by a paired 
sample t-test. Spearman’s rho was used to measure the strength of the relationship 
between the fifty most abundant OTUs. 
To compare the similarity of the datasets of the relative abundances from the two 
sequencing platforms at different levels of taxonomic classification a metric of 
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similarity, based on Jaccard’s similarity coefficient, was adopted (see Materials and 
Methods 2.12.3). The similarity coefficients of different taxonomic levels, different 
experimental groups and different samples were compared by carrying out Kruskal-
Wallis rank sum tests. 
The most abundant taxa were investigated at different levels of taxonomic 
classification using hierarchical clustering analysis, the result of which was presented 
in heatplots. In each of the heatplots Spearman correlation and Ward D2 clustering 
were used on the relative abundance data from phylum to genus levels of taxonomic 
classification. 
Probability of < 0.05 is considered the threshold of statistical significance. 
In addition to the comparison of community composition, diversity and richness were 
estimated using Shannon-Wiener, Simpson, Inverse Simpson and Fisher  diversity 
indices and rarefaction curves (Materials and methods 2.12.3). These were 
calculated for each experimental group using data from all samples rarefied to the 
smallest sample size. 
Coverage was calculated as the estimated number of species after rarefaction 
divided by the number of species before rarefaction. 
3.3 Results 
Within this chapter community composition of three enrichment cultures was 
assessed. Each enrichment culture was conducted in triplicate. Sequencing of 16S 
rRNA gene fragments amplified from the enrichments was performed using both 
Illumina MiSeq and Ion Torrent sequencing. Analysis was based on the relative 
abundance of OTUs defined at 97% identity or of taxa at different levels of taxonomic 
resolution (genus to phylum). Additionally, alignment of recovered sequences 
confirmed that both sequencers found the same microorganisms to be most 
abundant. The diversity of the microbial communities present in each sample 
characterised using the different sequencing platforms was estimated by applying 
rarefaction and a range of widely used diversity indices. 
3.3.1 Frequency distribution of OTUs 
The data from all nine samples were pooled and the frequency distribution of OTUs 
from Illumina and Ion Torrent were determined. This demonstrated that most OTUs 
were represented by a single read in the Illumina data (singletons) and two reads in 
the Ion Torrent data (doubletons, Figure 3.1). Very few OTUs were represented by 
more than 15 reads and even fewer by a large number of reads (Figure 3.1). For both 
datasets the OTU abundance distributions were positively skewed (Table 3.1, Figure 
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3.1). The same shape of distribution for the frequency of OTUs represented by a 
given number of reads was observed when each sample was investigated 
separately. 
Table 3.1 Distribution of OTUs in Illumina and Ion Torrent datasets. 
Functions used  Ion Torrent Illumina 
Mean 21.55 11.62 
Standard deviation 182.26 407.20 
Median 4.00 2.00 
Kurtosis 834.789 18463.72 
Skewness 25.82 126.281 
 
  
Figure 3.1 Histograms showing the distributions of OTUs returned by the two 
sequencers. The inset histograms show the distribution of reads near the origin. The 
minimum is the number of reads representing most of the OTUs detected in the 
dataset. The maximum is the number of reads representing the most abundant OTUs 
in the dataset. OTUs with  50 reads are considered to be the most abundant and 
are of low frequency. The number of reads per OTU approximates to a sharply 
skewed Poisson distribution. 
3.3.2 Comparative analysis of relative abundance data at different taxonomic 
levels of classification 
A measure of similarity based on Jaccard’s similarity coefficient (Hughes and 
Bohannan, 2004) was adopted to measure the similarity of the community 
composition determined using the different sequencing platforms, at different levels 
of classification from phylum to OTU. The similarity between the datasets decreased 
with increasing taxonomic resolution (Figure 3.2). This difference between similarities 
may be observed in the first and final enrichments with benzoate. The incubation 
without BES exhibits a greater difference between taxonomic levels. Enrichments 
with BES contain fewer different taxa than do enrichments without BES. This is 
reflected in the higher estimated similarity between the taxonomic levels. There is a 
90 
 
highly significant difference between different levels of taxonomic classification 
(p = 1.832  10-5; Kruskal-Wallis rank sum test), a highly significant difference 
between experimental groups (p = 0.0003308; Kruskal-Wallis rank sum test), and a 
significant difference at the 5% level between individual samples (p = 0.02375; 
Kruskal-Wallis rank sum test). 
 
Figure 3.2 Median similarities between relative abundances as measured by both 
sequencers and with unclassified categories removed, broken down by experimental 
group and taxonomic level. Error bars indicate standard deviation. 
The degree of overlap in the microbial communities determined with the different 
sequencing platforms was also compared using Venn diagrams (Figure 3.3). 
Consistent with Jaccard’s similarity measures, this indicated that the proportion of 
taxa found in data from one sequencer, but not in data from the other, increased at 
higher taxonomic resolution (i.e. genus and OTU) while the proportion of shared taxa 





Figure 3.3 Taxa detected by Illumina and Ion Torrent classified at different levels. 
The pale red colour shows the taxa found only by Illumina. The pale blue shows the 
taxa found only by Ion Torrent. The intersection in pale purple shows the taxa found 
by both sequencers. 
3.3.3 Comparison of OTUs identified in Illumina and Ion Torrent datasets 
To further investigate the differences between the sequencers observed at the OTU 
level, correlation between the most abundant taxa identified in Illumina MiSeq and 
Ion Torrent datasets was established by Spearman’s rho. 
Spearman’s rho showed that there was no correlation between the fifty most 
abundant OTUs for each experimental group: first enrichment (rho = 0.0476, 
p > 0.05); final enrichment (rho = 0.0476, p > 0.05); final enrichment with BES 
(rho = -0.0458, p > 0.05). The low correlation is probably due to OTUs which were 
found in datasets from only one sequencer, and therefore share the lowest rank 
(indicated by green and orange bars in Figure 3.4). For example, OTUs 99057 and 
4297148 were detected in datasets from both sequencers, whereas OTU 421535 (a 












Figure 3.4 Percentage relative abundance plots of the fifty most abundant OTUs for 
each sequencer found in the different experimental groups. OTU names marked with 
a star indicate discrepancies between OTU identifier and comparison between 
aligned sequences found between the datasets. The red bars show the Illumina 
dataset, blue bars show Ion Torrent, and orange and green bars show OTUs found 
only by one sequencer. 
3.3.4 Determination of OTUs shared between Ion Torrent and Illumina MiSeq 
datasets. 
Given the low correlation between the top 50 most abundant OTUs detected in Ion 
Torrent and Illumina MiSeq datasets, Venn diagrams were used to investigate the 
degree of overlap in OTUs detected using the non-rarefied data from these two 
different sequencing platforms. A larger number of OTUs were found in the Illumina 
sequencing than in the Ion Torrent sequencing (Figure 3.5). Moreover, most of the 
OTUs detected using Illumina sequencing were not detected in the Ion Torrent 
datasets and vice versa, with only a small proportion detected by both sequencers 
(Figure 3.5). 0.9% to 4.4% of the OTUs were found by both sequencing platforms. In 
the majority of samples, the percentage of OTUs identified by both sequencers 
represents less than 2% of all the OTUs found. Investigation of the Venn diagrams 
demonstrated that the OTUs which were found by both sequencing platforms, 
constituting the intersection, are the most abundant OTUs (Appendix F). 74.2% to 
94.6% of the total OTUs were found only in the Illumina dataset, whereas 4.5% to 
21.4% of the OTUs were found only in the Ion Torrent dataset set. 
The results confirm that Illumina and Ion Torrent find different OTUs in the same 
sample, with only a small subset of the most abundant OTUs being found by both 
platforms. This does not explain why the abundance of organisms, as derived from 
datasets collected by the two platforms, is not correlated. The reasons behind the 
difference in the OTUs detected in the same sample was investigated further, by 






Figure 3.5 Data from the OTU dataset, illustrated as Venn diagrams. The diagrams 
show the numbers of OTUs detected by Illumina (red), by Ion Torrent (blue) and by 
both (purple). 
3.3.5 Sequence comparison of the most abundant OTUs 
Where a DNA sequence is identified as one OTU in the dataset from one sequencer 
and as another OTU in the dataset from the other sequencer, the datasets would 
show two different OTUs, which would depress the number of OTUs in common 
observed in Figure 3.5. The difference observed in the percentage abundance of 
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OTUs in different datasets (Figure 3.4), as is shown in the sequence comparison, 
can be partly explained by several pairs of nearly identical sequences (i.e. at least 
97% identical) being assigned to different OTUs (Table 3.2). 
In order to establish whether any further pairs of abundant OTUs represented nearly 
identical DNA sequences, the sequences of the most abundant bacterial and 
archaeal OTUs were aligned and compared (Table 3.2). 
Alignment by BLAST of the sequences identified as the same OTU in both datasets 
showed identity of 99% (Appendix G). 97% is considered to be the threshold of high 
percentage identity. Re-classification in SILVA identified these OTUs as the same 
organism at family level or, where possible, genus level. 
There appears to be more sequence variation between the sequences assigned as 
different OTUs than those assigned as the same OTU. Some sequences belonging 
to Methanosarcinaceae, Methanocorpusculaceae and Peptococcaceae that were 
assigned to different OTUs aligned with lower identity (97% to 98%) than sequences 
that were assigned the same OTU. When re-classified using SILVA the sequences 
still showed lower percentage identity to the database reference sequences, but were 
successfully identified as the same organism within the 97% threshold. 
Sequences from the Ion Torrent dataset generally showed lower percentage identity 
to reference database sequences than sequences from the Illumina dataset. The 
mean length of the sequences in Table 3.2 as reported by Illumina is 414bp 
( = 2.81), while the mean length as reported by Ion Torrent is 365bp ( = 48.8). 
Both datasets identified the same ten taxa as being most abundant. Sequence 
alignment and re-classification demonstrated the concurrence, despite the 
assignment of different OTU identifiers. 
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Table 3.2 Comparison of the sequences from the most abundant OTUs, aligned with 
BLAST and re-classified with SILVA. OTU names have been abbreviated. NRef = 




Alignment† e value Identity, SILVA Likelihood 
Methanosarcinaceae 
IL 107074 417 99.00% 0 Methanosarcina 98.33% 
IT 107074 398    98.75% 
       
IL 421535 417 98.00% 0 Methanosarcina 97.04% 
IT NCRefOTU7653 404    98.09% 
Methanocorpusculaceae 
IL 108525 417 99.00% 2.00E-139 Methanocorpusculum  97.85% 
IT NCRefOTU2829  269    97.41% 
       
IL NRefOTU2402  418 98.00% 1.00E-141 Methanocorpusculum  97.85% 
IT NCRefOTU10686  283    95.80% 
Clostridiaceae  
IL NRefOTU1245  410 99.00% 0 Clostridiaceae  92.21% 
IT NRefOTU8  392    91.37% 
Desulfomicrobiaceae  
IL 273913 410 99.00% 0 Desulfomicrobium  99.51% 
IT 273913 391    99.23% 
Peptococcaceae  
IL NRefOTU2605  413 98.00% 0 *Desulfotomaculum or 92.43% 
IT NRefOTU11  395   Sporotomaculum  92.96% 
       
IL 4395629 413 99.00% 8.00E-174 Desulfosporosinus  99.03% 
IT 4395629 329    98.79% 
Syntrophaceae  
IL 99057 413 99.00% 0 Syntrophus  99.27% 
IT 99057 395    99.49% 
       
IL 32886 413 99.00% 0 Syntrophus  99.03% 
IT 32886 393    98.98% 
*This OTU was identified as different microorganisms in the Greengenes (1), RDP 
Classifier and SILVA databases. Greengenes classified both OTUs as 
Sporotomaculum, RDP Classifier classified the Illumina sequence as 
Sporotomaculum and the Ion Torrent sequence as Desulfotomaculum. The SILVA 
database identified both these sequences as Desulfotomaculum. 
†Sequences with alignment ≥ 97% are regarded as highly identical. 
3.3.6 OTU picking algorithm embedded in QIIME 
During comparison of the Illumina and Ion Torrent data, it had become apparent that 
some OTUs had been given the same OTU identifier in both datasets but had been 
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classified as two unrelated organisms. For example, ‘NewReferenceOTU8’ was 
identified as Clostridiaceae in the Ion Torrent dataset but as OP11-3 in the Illumina 
dataset. In Figure 3.4 these instances are marked by a star. From the sequence 
analysis of the most abundant OTUs it was also demonstrated that even though two 
different OTUs had been assigned, the same taxon had been identified. The reason 
appears to be the nature of the OTU picking algorithm used by QIIME. 
The OTU picking process in QIIME is performed in several steps. In the first step, 
reads are clustered against the collection of reference sequences, and reads which 
do not match the reference sequences are clustered de novo (QIIME, 2014). De 
novo clustering leads to the creation of identifiers beginning ‘New Reference’ or ‘New 
CleanUp Reference’ which in (Figure 3.4) show the inconsistencies described above. 
The number of OTUs that have been clustered using the reference sequences is 
quite small: out of 4585 total OTUs in the Ion Torrent dataset, 1347 were clustered 
using the reference sequences and, in the Illumina dataset, of the total 63,743 OTUs 
only 2307 were clustered using the reference sequences. This may explain the large 
difference sets and small commonality observed in the Venn diagrams, Figure 3.5. 
This suggests that data in the two datasets is not strictly comparable at such high 
resolution as OTU level, but once the OTUs are resolved to taxa, analysis is possible 
using taxonomic levels between phylum and genus. The sequence analysis of the 
most abundant OTUs, and the much higher similarity coefficient, support this. 
3.3.7 Hierarchical clustering based on Families at 1% or higher relative 
abundance 
Further analysis was carried out using relative abundances, which had not been 
affected by the OTU clustering method. The analysis described in the following 
sections was based on the different levels of taxonomic classification from phylum 
level to genus level. 
Hierarchical clustering grouped the samples sequenced by Illumina and Ion Torrent 
platforms into two separate clusters (Figure 3.6). Within each cluster three distinct 
sub-clusters were formed representing the three experimental groups, (Figure 3.6). It 
is noteworthy that the clustering of the experimental groups separates the final 
enrichments with benzoate from the first enrichments and enrichments containing 
BES. This is attributed to the higher relative abundance of methanogenic archaea. 
A taxon detected in a sample by one sequencer in high abundance was usually 
detected in high abundance by the other sequencer. Where one sequencer detected 
a taxon in low abundance, or not at all, the other sequencer either detected it in low 





Figure 3.6. The heatplot at family level shows the abundance of certain 
microorganisms present in one sample compared with their abundance in other 
samples, but not their abundance relative to other bacteria in the same sample. Each 
column of the heatplot represents a different microorganism and each row represents 
a different sample. The nine rows numbered 1 to 9 represent measurements based 
on the Illumina sequencer while the nine rows numbered 10 to 18 represent 
measurements based on the Ion Torrent sequencer. The dendograms above and to 
the left of the heatplot show relationships between the microorganisms (above) and 
between the samples (left). Coloured bars on the left of the heatplot show the 
grouping of the samples by experiment. The colour of each cell indicates the relative 
abundance of the microorganism, with blue denoting low abundance and brown 
denoting high abundance. The histogram shows the frequency of occurrence of 
relative abundances as a z score, between -3 and +3. 
The datasets from the two sequencing platforms had markedly lower similarity at 
lower taxonomic levels than at higher levels (section 3.3.2 and Appendix H). 
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A heatplot (Figure 3.7), demonstrating the difference between the datasets at family 
level, shows hierarchical clustering of the taxa found in higher abundance by the 
Illumina platform (cluster 1) and taxa found in higher abundance by Ion Torrent 
(cluster 2) (Figure 3.7). Bacteria “Other” (unclassified), Syntrophaceae and 
Methanosarcinaceae genus Methanosarcina were present in all samples and were 
detected at higher relative abundance in the Illumina MiSeq dataset (Figure 3.7, 
Appendix I). Deltaproteobacteria, Desulfovibrionales (Deltaproteobacteria), 
Bacteroidetes “Other”, H-178, Firmicutes “Other” and Anaerolinaceae also appear in 
the heatplot as red vertical lines, indicating that these taxa are represented at higher 
abundance in the Illumina data compared to the Ion Torrent data. 
Clostridiaceae and Syntrophomonadaceae were present in all Ion Torrent samples 
and appear as blue vertical lines across the samples. Other microorganisms found in 
higher abundance in the Ion Torrent dataset were Enterobacteriaceae, Dietziaceae, 
Peptococcaceae, Thermovirgaceae, Dethiosulfovibrionaceae, Clostridia “Other”, 
OP8, Anaerolineae order GCA004, Cloacamonales family SHA-116 and 
Phycisphaerae order MSBL9. 
Methanogenic archaea Methanocorpusculaceae was found in the methanogenic 
enrichments in greater abundance by Illumina than by Ion Torrent (Figure 3.7, 
Appendix I). Desulfomicrobiaceae was found in greater abundance in the 




Figure 3.7 Differences in measurements made by Illumina and Ion Torrent of the 1% 
most abundant microorganisms at the family level of classification. Pale squares 
indicate that both sequencers found roughly the same number of microorganisms. 
Red squares with a red star next to the relevant name in the heatplot indicate higher 
relative abundances for microorganisms found by Illumina. Blue squares with a blue 
star next to the relevant name indicate higher relative abundances for 
microorganisms found by Ion Torrent. 
3.3.8 Comparison of taxa at 5% and higher relative abundance 
The experimental triplicates are similar but not identical, and differences between 
treatments are confirmed in Figure 3.6 and Figure 3.8. Taxa found in high relative 
abundance by Illumina are also found in high abundance by Ion Torrent at 5% 
abundance threshold for example Desulfomicrobiaceae, Syntrophaceae and 
Methanocorpusculaceae (Figure 3.8). Particular similarity between sequencers can 
be seen in samples containing BES also indicated by a higher Jaccard based 
similarity coefficient of 0.59 compared to the similarity of the first enrichment (0.50) 
and of the final enrichment (0.37). See Figure 3.2 and Figure 3.8. 
103 
 
The same samples with BES demonstrate higher similarity coefficients (0.62) at 
genus level levels of taxonomic classification (Figure 3.2). First incubations with 
benzoate and final enrichments show more variation. The first enrichment with 
benzoate shows similarity of 0.64 at phylum level and 0.38 at genus level. The final 
enrichment with benzoate shows similarity of 0.50 at phylum level and 0.26 at genus 
level. More methanogenic archaea are observed in the final enrichments. The 
relative abundance of archaea found by the Illumina platform is greater than that 




Figure 3.8 Relative abundance of microorganisms displayed at family level of the 
≥ 5% relative abundance. Relative abundances for the Ion Torrent dataset are shown 
in blue and for Illumina in orange. Where taxonomic classification to family level was 
not possible, the final levels of classification are indicated in brackets next to the 
taxonomic name e.g. Bacteroidales (Order). 
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3.3.9 Assessment of -diversity between the datasets from both sequencers 
Data from all the samples were analysed. The mean number of reads was 193,921 
( = 91,033) before quality checks and 82,276 ( = 36,001) afterwards using Illumina 
MiSeq sequencing and 14,598 ( = 12,960) and 10,978 ( = 9841) using Ion Torrent 
sequencing (Appendix E). The high standard deviation in both Illumina and Ion 
Torrent datasets suggests that some of the samples have more reads than others. 
There was a significant difference in the number of OTUs identified using the 
different sequencing platforms (p = 0.0001905; paired sample T-test). In the nine 
samples analysed, the Illumina dataset contains more OTUs than Ion Torrent.  
The community diversity of the samples was compared using the OTU data and 
rarefied to the smallest sample size. The calculations were done using the rarefied 
number of OTUs for each individual sample. 
Samples sequenced by Illumina have a higher diversity and contain a higher 
frequency of rare OTUs than samples sequenced by Ion Torrent (Figure 3.1). With 
the exception of the Simpson indices, the diversity estimates obtained for a given 
sample using Illumina data were greater than those obtained using Ion Torrent data 
(Figure 3.9). This was the case even though all datasets were rarefied to the same 
sample size. The smaller differences observed using the Simpson-based indices 
reflect the fact that these indices are less affected by sampling effort and hence the 
detection of rarer taxa which is a feature of the Illumina data (Hill, 1973; Hughes and 
Bohannan, 2004). 
Under all the diversity indices, triplicate samples cluster together. 
Cross plots (Figure 3.10) show that, in the main, the diversity indices concur with 
each other concerning which samples return the highest and lowest estimates of 
diversity. Illumina measurements show more diversity than Ion Torrent. First 







Figure 3.9 Diversity of the samples, using the OTU data rarefied to the size of the 
smallest sample (2736) generated by Ion Torrent. The data used to construct this 




Figure 3.10 The relationship between different diversity indices plotted using rarefied 
OTU data. 
3.3.10 Estimation of diversity using rarefaction curves 
The richness of each sample varies (Figure 3.11). The first incubations with benzoate 
show the highest richness, regardless of the sequencing technique used. 
Richness was calculated from rarefaction curves of the OTU counts for both 
sequencers separately (Appendix K) and together in a combined OTU table. 
Samples sequenced by Illumina have higher diversity and richness than samples 
sequenced by Ion Torrent, as is evident from the diversity indices. 
The rarefaction curves derived from Illumina data showing the final enrichments with 
benzoate seem to be close to reaching an asymptote. This characteristic indicates an 
adequate sampling of the data (Hill, 1973). 
Rarefaction curves show that if the population of OTUs in the enrichments is rarefied 
to the size of the smallest sample, 2736, a high proportion of the OTUs in the 
population will be missing from all samples of the population (blue and red fragments 
of the curves on the right of the line sample size = 2736, Figure 3.11 A). Rarefaction 
to the size of the smallest sample removes more species from Illumina data than 
from Ion Torrent data. The effect of rarefaction is illustrated in Figure 3.11 B. Each 
point on the graph represents the number of species present in a sample before and 
after rarefaction. For the rarefied Illumina samples, the coverage, i.e. the richness of 
the sample as a percentage of the richness of the population, varies from sample to 









Figure 3.11 A scatterplot and rarefaction diagram (Hurlbert, 1971) showing 
observations made with both sequencers aggregated and rarefied to the size of the 
smallest Ion Torrent sample, 2736 OTUs. (A) The blue colour of the line represents 
Illumina and the red lines Ion Torrent. By plotting a vertical line at the size of the 
smallest sample, the richness of every sample may be estimated. Horizontal lines 
plotted through the points of intersection are used to estimate the number of species 
that would be found in a sample rarefied to the size of the smallest Ion Torrent 
sample. (B) The scatterplot shows the numbers of species present in each sample 
before and after rarefaction. 
Table 3.3 Illumina and Ion Torrent rarefaction results. The analysis was performed on 
the OTU table rarefied to the size of the smallest sample (2736) from Ion Torrent.  
Sample 
Final enrichments with 
benzoate 
Final enrichments with 
benzoate and BES 





1 2 3 4 5 6 7 8 9 
Species 
richness 
8133 8053 6205 6655 9018 11427 24534 9054 16938 
Rarefied  763.7 808.6 797.4 882.4 865.7 929.9 1376 1368 1358 
Coverage 
(%) 
9.39 10.04 12.85 13.26 9.60 8.14 5.61 15.11 8.02 
Ion Torrent sequencer 
Sample 
number 
10 11 12 13 14 15 16 17 18 
Species 
richness 
544 457 933 559 597 849 3081 2978 2007 
Rarefied  436.3 457 499.0 418.3 427.5 457.1 842.4 863.6 866.2 
Coverage 
(%) 
80.20 100 53.48 74.82 71.61 53.84 27.34 29.00 43.16 
3.4 Discussion 
Studies comparing different sequencing technologies have typically found the results 
of different technologies to be concordant (Caporaso et al., 2012; Salipante et al., 
2014; Clooney et al., 2016). A study by Caporaso et al. (2012) compared results from 
HiSeq2000 and MiSeq Illumina platforms by sequencing host-associated (human 
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faeces, mouth, skin and canine faeces, mouth and skin) and free-living microbial 
communities found in soil samples. The researchers aimed to establish whether 
known differences between microbial communities could be detected using the two 
Illumina platforms. The results, using principal coordinate analysis based on 
weighted UniFrac distances, showed a clear separation of the samples based on 
whether they were derived from a free-living environment or host-associated 
environment and a clear grouping of the replicates regardless of the sequencing 
platform used, which is useful for studies interested in answering questions of beta 
diversity. There were however differences in the sequencing depth which should be 
taken into consideration especially if rare taxa in the community are of interest. 
Another study by Clooney et al. (2016) compared both amplicon and shotgun 
sequencing for the Illumina HiSeq, MiSeq and Ion Torrent PGM next-generation 
sequencing technologies, using six human stool samples. Additionally, amplicon 
sequencing was performed across two variable 16S rRNA gene regions (V1-V2 and 
V4-V5) to test the influence of primers on the sequenced results. The researchers 
found the expected difference in sequencing depth especially where Illumina HiSeq 
shotgun sequencing was used. A primer bias associated with the primer pair used 
was highly noticeable in the results from Illumina MiSeq amplicon sequencing using 
(V1-V2) primer pair. The overall conclusion was that each sequencing technique had 
its advantages and disadvantages which should be considered prior to sequencing. 
Regardless, the most abundant communities were detected across all samples 
independent of the sequencing method. 
These earlier studies suggested that the data from the sequencing platforms made 
similar assessments of the most abundant microorganisms and of the main 
differences between samples. 
The aim of the study described in this chapter was to determine the composition of a 
set of experimental samples using both the Illumina MiSeq and the Ion Torrent 
sequencing platforms, and to test, by a comparison of the results from the different 
experimental groups, the hypotheses that regardless of the sequencing platform 
used, the same overall microbial composition would be found and the same samples 
would be found to be most and least diverse. 
3.4.1 Procedural considerations 
Previous studies have demonstrated that pre-treatment of the samples can influence 
the result produced by sequencing. Of particular importance are the primers used in 
the PCR procedure (Klindworth et al., 2013; Tremblay et al., 2015; Clooney et al., 
2016). It is well known that a bias can be introduced by a primer specificity as no 
primer pair is truly universal. A study by Tremblay et al. (2015) investigated the 
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influence of three different amplification primer sets, targeting V4, V6-V8, and V7-V8, 
on the results obtained from two sequencing technologies (Illumina MiSeq and 454 
pyrosequencing). DNA from a mock community containing a known number of 
species was used, as well as complex environmental samples whose PCR-
independent profiles were estimated using shotgun sequencing, which removes any 
bias introduced by primers. They concluded that the choice of primers has a greater 
impact on biological results than the choice of sequencing platform, with V4 
amplicons showing the greatest similarity to community profiles determined by 
shotgun sequencing. 
In the study described in this chapter, amplicon sequencing was performed on 16S 
rRNA using primers targeting the V4-V5 region. The same primers were used for the 
preparation of every sample for amplicon sequencing. The V4-V5 primer pair has 
been described in other studies as the primer pair with better performance and higher 
accuracy, regardless of the sequencing technology used (Claesson et al., 2010; 
Clooney et al., 2016). 
Other factors such as sample DNA extraction efficiency, which can be dependent on 
the different organisms in complex communities, or on the storage and handling of 
DNA, could also influence the results. To ensure comparability of the results from 
different sequencers, the same tube of DNA template was used. The DNA was 
extracted from the same samples and came from the same experimental groups of 
enrichment cultures of Tyne sediment and benzoate. The same methods of DNA 
purification and quantification were used before sequencing. 
Nonetheless some procedural differences are considered possible contributors to the 
differences in the results. Sample preparation for the sequencing differed because of 
the requirements of each sequencing platform. 
During the data analysis, different sequence quality filtering was performed for each 
platform. Sickle was used for sequences from Illumina and QIIME for sequences from 
Ion Torrent. The parameters used during quality filtering of Illumina MiSeq sequences 
with Sickle had a quality score of 20 and sequences less than 180bp were removed. 
Quality filtering performed on Ion Torrent sequences using QIIME had the same 
parameter for the quality score. However, sequences of less than 100 nucleotides 
were removed, which differs from the treatment of the Illumina sequences. This 
difference in sequence length could have contributed to the observed dissimilarities 
in the datasets. The longer the sequence, the more likely it is to align correctly with 
reference marker genes generating a higher sequence alignment score in QIIME and 
providing a more detailed taxonomic classification. In contrast shorter sequences are 
more likely to align incorrectly with reference marker genes causing an incorrect 
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taxonomic identification. It should be noted that longer sequences have a higher 
probability of read errors during the sequencing process. 
The extra PCR amplification procedure performed during the sample preparation for 
the Illumina sequencing could also have affected the final results and the observed 
differences in the microbial community composition found during the comparison of 
the Illumina and Ion Torrent datasets. Previous studies have demonstrated that 
higher number of PCR cycles has led to an accumulation of more point mutation 
artefacts (Qiu et al., 2001). A study carried out by Wu et al. (2010), based on 16S 
rRNA, investigated effects of polymerase, template dilution and the number of PCR 
cycles using Solexa GAII platform (Illumina) on the microbial diversity. They found 
that the higher number of cycles (30 cycles) generated more point mutations and the 
lower number of cycles (25 cycles) showed a higher estimation of taxa richness. It 
should be noted that the number of cycles did not seem to affect the community 
structure. Changes introduced by mutations could potentially lead to incorrect 
taxonomic identification or incorrect estimation of the richness and diversity of the 
sequenced samples in the downstream analysis by QIIME. The effect of the extra 
PCR procedure during the preparation of the sample for sequencing with Illumina 
MiSeq was not investigated here. However, it should be regarded as a possible 
contributor to the observed differences in the microbial diversity and the community 
composition in the datasets from the two sequencers. 
The extra PCR amplification procedure, the different sample preparation procedure 
and the different quality filtering of the sequences may have affected the results. 
Sequencing depth, which differs between the two platforms, could also contribute to 
the variation in the performance of the sequencers and the results obtained (Sinclair 
et al., 2015; Clooney et al., 2016). 
3.4.2 OTU analysis 
The preliminary graphical analysis of the OTU abundance (3.3.1) established that, for 
both sequencers, OTUs were predominantly represented by one or two reads, with 
few OTUs represented by more than 15 reads. Fewer were found in high abundance. 
The similarity coefficient based on Jaccard similarity calculated from the OTU level 
was very low (0.00428 to 0.01302) indicating very little commonality between the 
datasets from the two sequencers. 
The Venn diagrams of the non-rarefied OTU abundance show that Illumina found 
eight times more OTUs than Ion Torrent (Figure 3.3). The percentage of OTUs 




The 2% of OTUs found by both sequencers appears to be comprised of the most 
abundant OTUs. 50 reads is regarded here as the threshold of abundance. 82% to 
98% of the most abundant OTUs were found by both platforms across 9 samples. 
However, some abundant OTUs were not detected by both sequencers. 26% to 61% 
of highly abundant OTUs were found only by Illumina and 16% to 50% were found 
only by Ion Torrent, (see Appendix F).  
Further inspection of the 50 most abundant OTUs using percentage relative 
abundance plots, uncovered instances in which the two sequencers had sequenced 
the same taxon, but QIIME reported that they had found different OTUs. In other 
instances, the same OTU had been reported by QIIME but identified as two different 
taxa (Figure 3.4). This could be misleading if the user were distinguishing between 
microorganisms at the OTU level and can perhaps account for the low similarity 
coefficient and the low percentage of OTUs found in common as demonstrated by 
the Venn diagrams (Figure 3.3 and Figure 3.5). 
In order to determine exactly which irregularities in the behaviour of QIIME was 
causing these anomalies, sequences of the ten most abundant OTUs from both 
datasets were aligned using BLAST and re-classified using SILVA. Some of the 
sequences had, correctly, been assigned the same OTU identifier and had been 
identified as the same taxon. Other sequences were assigned different OTU 
identifiers but were identified as the same taxon by QIIME and, in the re-analysis, by 
SILVA. This suggested that there should be more OTUs found in common than has 
been estimated. 
Some inconsistencies have been found. Two OTUs from Peptococcaceae family 
were identified as different microorganisms by three different databases in the 
analysis performed by SILVA (Table 3.2, see also Appendix G). The discrepancy in 
identification may be explained by the close ancestral phylogenetic relationship 
between these organisms. 
Sequences produced by the Ion Torrent platform showed lower percentage similarity 
to the reference sequences in the SILVA database than sequences from Illumina. In 
the cases of the ten most abundant OTUs, the identity of sequences reported by 
Illumina averaged 97.3% with  = 2.57%, and by Ion Torrent 97.1% with  = 2.69%. 
This is likely because Ion Torrent produced shorter sequences: 365bp ( = 48.8) as 
against 414bp ( = 2.81) for Illumina. This difference was particularly noticeable in 
taxa belonging to the family Methanocorpusculaceae. In the ten instances checked, 
all sequences were identified as the correct taxon regardless of sequence length. 
However, the shorter sequences associated with Ion Torrent are more likely to align 
incorrectly with reference marker genes causing an incorrect taxonomic identification. 
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Further investigation into the discrepancies in OTU identifiers indicates that the 
cause may be the OTU picking method. At the first stage of clustering, the open 
reference OTU picking method clusters the reads against the collection of reference 
sequences (Pylro et al., 2014). In subsequent stages, reads that could not be 
assigned to OTUs using the reference database are subject to a further round of 
OTU calling based on de novo clustering, thereby introducing discrepancies in the 
OTU identifiers: when two or more different datasets are analysed separately, the 
same OTU identifier may be created twice or more. This suggests that OTU 
identifiers could not be used directly for comparison between datasets analysed 
separately by QIIME even though the same pipeline was used for all samples. 
Within a particular dataset the OTUs are later assigned to taxa. Therefore, the 
reduplication of OTU identifiers does not affect the taxonomically grouped datasets 
used for further analysis. 
3.4.3 Data comparison at different levels of taxonomy 
When calculating similarity coefficients, it was realised that microorganisms classified 
as ‘Other’ or as ‘Unclassified’ constituted noise, since many taxa could be identified 
only at the phylum level, while at genus level they were unidentified. The accretion of 
unidentified taxa at the finer levels of taxonomic resolution (genus) led to a falsely 
high measure of similarity between sequencers. 
For that reason, all ‘Other’ and all ‘Unclassified’ organisms were removed from the 
dataset, leaving in the dataset only those organisms which had been identified at the 
level in question. 
Analysis of the filtered relative abundance datasets at different levels of taxonomic 
classification, using a measure of similarity based on Jaccard’s similarity coefficient 
(section 3.3.2), showed that agreement between the sequencers was highest at the 
higher levels of classification and lowest at genus level. 
What appears to be a single taxon at the higher levels of taxonomic classification, 
e.g. phylum level, may resolve into two or more distinct taxa at the more specific 
levels. The number of taxa found by both sequencers, expressed as a fraction of the 
number of taxa found in total, decreases as the specificity of the taxonomic 
classification increases. This decrease is the likely cause of the apparent diminution 
in similarity between data reported by the sequencers. 
This was confirmed by hierarchical clustering of the abundant taxa with 1% and 
higher relative abundance at different levels of taxonomic classification (Appendix H). 
At lower levels of taxonomic classification (i.e. genus and OTU) larger differences 
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were observed between the relative abundance of different taxa obtained using 
QIIME based analysis of data from the different sequencing platforms. Heatplots 
suggested that where an organism was present in high abundance, both sequencers 
detected it, but Illumina found more of it. This was consistent with other results. For 
example, a difference heatplot and an analysis of the taxa with 5% relative 
abundance and higher (Figure 3.8) showed that Illumina found more of 
Syntrophaceae (13.4%) and Methanosarcinaceae (3.7%) than Ion Torrent (8.1% and 
0.6% respectively, Appendix I). These analyses also showed that Ion Torrent found 
more Clostridiaceae (5.1%) and Syntrophomonadaceae (4.6%) than Illumina (0.9% 
and 1.7%, Appendix I). In addition, some microorganisms were present only in 
certain samples and were detected by the two sequencers in different abundance. 
For example, Methanocorpusculaceae was found in the methanogenic enrichments 
in greater abundance by Illumina (6.3%) than by Ion Torrent (1.9%). 
Overall, in higher abundance, Illumina seems to find more taxa belonging to 
Proteobacteria (36% while Ion Torrent found 33%). Ion Torrent finds more taxa 
belonging to Firmicutes (20.9%), in particular Clostridia (19.6%), and more taxa 
which to our knowledge are not yet cultured and fully classified, whereas Illumina 
found only 9.5% Firmicutes of which Clostridia was 8.7%. 
The bias in the relative representation of bacterial species is consistent with the 
outcome of a study carried out by Salipante et al. (2014). They were examining the 
performance of Illumina (MiSeq) and Ion Torrent (PGM) using a mock bacterial 
community of 20 organisms and a collection of human specimens. Overall they 
observed over- and underrepresentation of specific species in the analysed 
communities. A similar pattern was observed in the study described in this chapter, 
but the species are not directly comparable with those examined due to the different 
samples investigated. 
Salipante et al. (2014) concluded that bias in the relative representation of species 
could be due to PCR-based sequencing library preparations, particularly differences 
in primer mismatches and relative GC contents. 
Another possible explanation of the observed bias in the relative representation of 
bacterial species could have arisen due to the differences in the sequencing depth 
between Ion Torrent and Illumina sequencing. Illumina generates results with higher 
sequencing depth that leads in turn to a better capture of bacterial diversity. This 
perhaps could offer another explanation of the bias in the relative representation of 
bacterial species, especially the differences arising due to yet uncultured and not fully 
classified microorganisms found in high relative abundance in Ion Torrent datasets. 
Particular examples include Firmicutes (Clostridiaceae) found in high relative 
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abundance by Ion Torrent but not by Illumina. Deeper sequencing by Ion Torrent 
could have resolved this difference by either further taxonomic classification of the 
members of Firmicutes such as Clostridia or even complete reclassification.  
In both Salipante’s study and the study in this chapter, regardless of the difference in 
the relative abundance and sequencing depth, the reports from both sequencing 
platforms were similar and the same taxa were most abundant in the datasets from 
both sequencers. 
3.4.4 Diversity analysis 
If the -diversity reported by Illumina were greater than that reported by Ion Torrent, 
that would suggest that Illumina finds more of the rare OTUs than Ion Torrent. 
The samples were rarefied to the size of the smallest sample. When calculating 
diversity indices, rarefaction is the generally accepted method of comparing samples 
of different sizes, since the size of the samples affects the diversity indices by either 
inflating the indices or underrepresenting the estimate of rare taxa (Hughes et al., 
2001; Hughes and Bohannan, 2004). Shannon-Wiener and Fisher’s  diversity 
indices are known to be heavily influenced by the sample size (Hughes and 
Bohannan, 2004). Thus rarefaction was used to compare data excluding the effects 
of depth and sample size. 
Various indices of -diversity were calculated, all of which showed that the diversity 
and richness of the samples, as sequenced by Illumina, were greater than the 
diversity and richness as sequenced by Ion Torrent. This difference is probably 
caused by a difference in sensitivity between the sequencers. However diversity 
estimates agreed with each other, showing that first enrichments were the most 
diverse in comparison to the subsequent enrichments. Enrichment treated with BES 
were less diverse than the methanogenic enrichments. 
3.5 Conclusion 
The results show that the outputs from Illumina and Ion Torrent data are similar but 
not identical. In our non-rarefied datasets, Illumina reports about eight times as many 
OTUs as Ion Torrent. Analysis of community composition data from the experimental 
groups obtained using Illumina MiSeq or Ion Torrent sequencing found differences in 
the composition of the samples treated with BES, which inhibits methanogenesis, 
and the samples producing methane. Both datasets also exhibited a lower 
abundance of sequences from methanogenic archaea in enrichments treated with 
BES. Data from both sequencers also agreed that diversity in first enrichments was 
greater than in final enrichments. 
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Diversity and richness estimates obtained from Illumina MiSeq data were higher than 
those obtained using Ion Torrent data. This was the case even when datasets were 
rarefied to the same size. This appears to be due to differential sensitivity of the 
sequencers. Illumina identified more rare OTUs than Ion Torrent. The larger number 
of singleton reads reported by Illumina supports this conjecture. 
Certain conditions which can introduce biases into the results should be taken into 
account and kept constant in future work. These biases include PCR primers, the 
number of PCR cycles and the bioinformatics workflow. 
In the following chapters we examine the methanogenic enrichments. It is therefore 
necessary to select a method of sequencing which can estimate with reasonable 
accuracy the abundance of methanogenic microorganisms. 
Following the comparison made here, Illumina MiSeq is preferred for further work on 
the identification of microbial community composition of the enrichments and for 
metagenomics. This choice is guided by the higher sequencing depth and longer 
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Chapter 4.  Community composition and metagenomic analysis of 
Tyne sediment methanogenic benzoate biodegrading enrichments 
4.1 Introduction 
In the natural environment, methanogenesis is an important process in the 
biodegradation of organic matter including hydrocarbons. Methane in the geosphere 
can be produced through the thermal breakdown of organic matter in deep hot 
sediments or by biological activity (Canfield et al., 2005). 
Biological methane production occurs due to the activity of a specialised group of 
strictly anaerobic prokaryotes belonging to the domain Archaea, known as 
methanogens. Biodegradation of organic matter by methanogenesis is highly 
significant in anoxic environments, especially in the absence of other electron 
acceptors such as sulphate, since both methanogens and sulphate reducing 
microorganisms compete for common electron donors. Methanogenesis proceeds 
along one of three main pathways, depending on the substrate present. 
Hydrogenotrophic methanogens use single carbon compounds such as CO2, which 
are reduced to methane gas using H2 and formate as electron donors. Methylotrophic 
methanogens use C-1 compounds with a methyl group carbon bonded to O, N, or S, 
such as monomethylamine, dimethylamine, trimethylamine, tetramethylammonium, 
dimethylsulphide, methanol and methane thiol (Balch et al., 1979; Hedderich and 
Whitman, 2006). Acetoclastic methanogens constitute a small group of specialised 
archaea which disproportionate acetate to methane and CO2 (Canfield et al., 2005; 
Hedderich and Whitman, 2006). These methanogens are all members of the order 
Methanosarcinales, in particular Methanosaeta, an obligate acetoclastic 
methanogen, and facultative acetoclastic methanogens belonging to the family 
Methanosarcinaceae. 
Methanogenesis depends upon a syntrophic relationship between the methanogens 
and microorganisms capable of degrading complex organic compounds into the 
compounds, such as hydrogen and acetate, required by methanogens. 
Syntrophy is a relation of mutual dependence between microorganisms. An example 
of a syntrophic relationship is interspecies hydrogen transfer, in which a coupling 
occurs between microorganisms producing H2, such as fermenters, and those 
microorganisms which remove H2, for example sulphate reducers or methanogens 




Syntrophy is an important intermediate step in the degradation of natural polymers 
such as nucleic acids, polysaccharides, proteins, lipids and organic compounds 
including hydrocarbons to CO2 and CH4 (McInerney et al., 1981; Schink, 1997). 
Structurally diverse aromatic compounds are found abundantly in the natural 
environment, often in the form of plant biomass and fossil fuel derivatives. These 
compounds are difficult to break down due to the structural stability of the benzene 
ring. The degradation of these compounds into methane has been achieved by 
specialised anaerobic archaea acting in syntrophy with primary aromatic compound 
degrading bacteria. Biodegradation of aromatic compounds is performed through the 
generation of a few central intermediates which are then further degraded. One of the 
key intermediates is the aromatic compound benzoate (Hopkins et al., 1995; 
Carmona et al., 2009). Under anoxic conditions, benzoate is degraded through a 
benzoyl-CoA pathway. Fuchs et al. (2011) describe the potential pathways by which 
aromatic hydrocarbons such as toluene, benzene and ethylbenzene are degraded to 
benzoyl-CoA. The enzyme involved in the reductive dearomatisation of the benzoyl-
CoA to a non-aromatic product, dienoyl-CoA, is benzoyl-CoA reductase (BCR), which 
is degraded further by other enzymes, forming the benzoate degradation pathway 
(Carmona et al., 2009). 
Syntrophus and Smithella species, members of the family Syntrophaceae, are 
capable of hydrocarbon degradation and degradation of intermediate products such 
as benzoate. Syntrophus aciditrophicus has been found to metabolise benzoate to 
H2, CO2 and acetate in a coculture with the hydrogenotrophic methanogenic 
archaeon Methanospirillum hungatei (Elshahed et al., 2001). Another member of 
genus Syntrophus, Syntrophus buswellii has also been described as a syntrophic 
benzoate degrader when grown in a coculture with hydrogenotrophs such as 
Desulfovibrio sp. and Methanospirillum hungatei (Mountfort et al., 1984). Smithella 
has been shown to grow in a coculture on propionate, crotonate and butyrate. As a 
pure culture it could grow slowly on crotonate (Liu et al., 1999). 
Previous studies used benzoate as a model compound in monoculture to determine 
the mechanism of the anaerobic metabolism of this monoaromatic compound 
(Elshahed and McInerney, 2001; Holmes et al., 2012). To further investigate 
syntrophic benzoate degradation, cocultures of syntrophic degraders and hydrogen 
utilisers have been used and the genomes of benzoate degraders sequenced and 
further studied (Schöcke and Schink, 1997; Jackson et al., 1999; Elshahed et al., 
2001; McInerney et al., 2007). Enrichment cultures with benzoate as the only carbon 
and energy source have been investigated to establish key benzoate degraders 
using inoculum from various environments such as river mud, lake sediments, 
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sediments from a saline lake and anaerobic digestor sludge (Shlomi et al., 1977; 
Mountfort and Bryant, 1982; Sleat and Robinson, 1983; Dalvi et al., 2016). 
Previous research conducted using sediment from the River Tyne as inoculum 
demonstrated a presence of syntrophic organisms in the incubations containing 
hydrocarbons and crude oil. It was shown that these substrates were degraded under 
methanogenic or sulphate reducing conditions (Jones et al., 2008; Gray et al., 2011; 
Sherry et al., 2012; Aitken et al., 2013). A study carried out by Gray et al. (2011) with 
crude oil as an energy source and sediment from the River Tyne as an inoculum 
implicated a Smithella sp. as a syntrophic utiliser of crude oil alkanes in a coculture 
with the hydrogenotrophic methanogen Methanocalculus. 
Extensive research has been done into syntrophic metabolisms and the organisms 
involved. However, it is of note that functional diversity and community structure 
involved in syntrophic metabolism in different environments is not fully understood. 
With this in mind, this chapter describes a study of a complex microbial community 
enriched with benzoate under methanogenic conditions, using Tyne sediment as 
inoculum. The Tyne sediment comes from an environment previously exposed to 
industrial pollution. 
This study aims to identify the microorganisms involved in benzoate degradation in 
methanogenic enrichment cultures from River Tyne sediment. The development of 
the microbial communities was followed from the original enrichment culture through 
six subsequent sub-cultures to the “final” enrichment. The dynamics of the microbial 
communities in the final enrichment was also followed from inoculation until complete 
benzoate removal. The study also aimed to identify the syntrophic pathways involved 
in benzoate degradation. The hypothesised pathway and the potential syntrophic 





Figure 4.1 Hypothesised pathway of syntrophic biodegradation of benzoate. 
Benzoate is degraded to H2, CO2 and acetate by Deltaproteobacteria. Syntrophic 
benzoate degradation could potentially involve fermenters from the class Clostridia 
utilising H2 and acetate to produce H2 and CO2. In the absence of BES, either 
acetoclastic or hydrogenotrophic methanogenesis may occur. In the presence of 
BES, sulphate reducers potentially use hydrogen, CO2 or acetate. 
In this study the hypothesis under test is that methanogenic communities similar to 
those involved in methanogenic crude oil biodegradation are responsible for the 
degradation of the aromatic model compound, benzoate. 
The hypotheses being tested are: 
(i) Syntrophic benzoate-oxidising bacteria (SBOB)  can be cultivated from 
methanogenic systems affected by hydrocarbons. 
(ii) Syntrophic oxidation of benzoate through intermediate products to acetate, H2 
and CO2, is a central reaction of methane production in environments affected 
by hydrocarbons. 
(iii) A large proportion of the acetate is oxidised to H2 and CO2 by syntrophic 
acetate oxidation (SAO) 
(iv) Smithella and Syntrophus spp  are intermediaries of syntrophic benzoate 
oxidation (SBO)  in low temperature hydrocarbon impacted environments 
4.2 Materials and methods 
4.2.1 Samples used 
Methanogenic, benzoate-degrading enrichment cultures were prepared under anoxic 
conditions in 120 ml crimp-sealed serum bottles with Tyne sediment as inoculum and 
10 mM benzoate as energy source. Each experimental group was made up of three 
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triplicate microcosms. The cultures were maintained by repeated transfers (10 v/v%) 
into reduced, sulphate free, bicarbonate CO2 buffered, mineral salts fresh water 
medium with vitamins and trace minerals (Materials and methods, subsection 2.4.9). 
10 mM BES was added to half the cultures as a control. Six transfers were carried 
out in total. 
4.2.2 Sample analysis 
Chemical analysis of all the Tyne sediment with benzoate enrichment cultures 
included headspace methane measurements using GC-FID (Materials and methods, 
subsection 2.6.1) and benzoate measurements using a spectrophotometric method 
(Materials and methods, subsection 2.6.2). 
Time series sampling was carried out for the 16S rRNA amplicon analysis, 
metagenomic analysis and chemical analysis of the final sixth transfer. 
4.2.3 DNA extraction and library preparation 
Genomic DNA was extracted at the end of each incubation from 1 ml enrichment 
culture samples using a PowerSoil DNA Extraction Kit (MO BIO, Calsbad, CA, USA) 
with MP FastPrep-24 Ribolyser with some modification (subsection 2.7.1). 
4.2.4 Amplification of 16S rRNA genes and library preparation for Illumina 
MiSeq sequencing 
Archaeal and bacterial 16S rRNA genes were amplified using universal primers F515 
(5’GTGNCAGCMGCCGCGGTAA-3’) and R926 (5’CCGYCAATTYMTTTRAGTTT-3’) 
(Quince et al., 2011) targeting the V4-V5 region of the 16S rRNA gene (subsection 
2.9.1). 16S rRNA gene amplicons were prepared for sequencing according to the 
manufacturer’s instructions for the Illumina MiSeq (subsections 2.9.9). Illumina MiSeq 
sequencing was conducted in the Shell Technology Centre, Houston, Texas, USA. 
4.2.5 Analysis of 16S rRNA gene sequence libraries 
QIIME version 1.9 was used for the sequences analysis. FASTQ files generated by 
the Illumina MiSeq were quality filtered and trimmed using Sickle (Joshi and Fass, 
2011). Reads that had an average quality score below 20 and were less than 180bp 
were removed. The filtered output FASTQ files of forward and reverse reads 
generated by Sickle were paired and joined using QIIME. FASTQ files were 
converted to FASTA files. FASTA files from multiple samples were combined into a 
single FASTA file. The sample name format was converted to a QIIME compatible 
format and a new mapping file was generated using a PERL script (Appendix C, 
sections 1 to 4). 
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Sequences were clustered into operational taxonomic units (OTUs) using BLAST 
(Altschul et al., 1997). The open reference OTU clustering method was followed, with 
release 119 of the SILVA database as reference database and a 97% similarity 
threshold. The SILVA database was also used for taxonomic assignment (subsection 
2.9.10). 
4.2.6 Metagenomic library preparation 
DNA extracted from the final sixth enrichment was used to prepare the metagenomic 
library with the Nextera XT DNA library preparation kit, by Illumina. A full description 
of the process of library preparation may be found in sections 2.10.2 to 2.10.4. The 
Illumina ‘MiSeq System, Denature and Dilute Library Guide’ was followed to pool the 
library and MiSeq kit V3 was used for sequencing on Illumina MiSeq. Further details 
are given in section 2.10.5. 
4.2.7 Metagenomic data analysis 
A full description of the process of metagenomic analysis may be found in the 
materials and methods, section 2.10.6. 
FASTQ files generated by the Illumina sequencer were quality filtered and trimmed 
using Sickle. Reads that had an average quality below 20 and were less than 100bp 
were filtered out. Quality filtered sequences were assembled twice using De Bruijn 
graph assemblers (Compeau et al., 2011), IDBA_UD and Megahit assemblers (Li et 
al., 2014; Li et al., 2015). Reads that did not assemble were aligned against the first 
assembly and the same was repeated for the second assembly using the BBmap 
aligner (Bushnell, 2014; Marić, 2015). 
Assembled contigs by IDBA_UD and Megahit along with the remaining unassembled 
reads were concatenated into a single FASTA file and submitted to IMG.JGI for gene 
annotation and comparative analysis (Markowitz et al., 2012). 
Unassembled reads were also submitted to MG-RAST where quality filtering, 
annotation and comparative analysis were performed (Meyer et al., 2008; Wilke et 
al., 2016). 
To compare the abundances of genes required for methanogenesis and syntrophic 
benzoate degradation present in the most highly enriched microorganisms under 
different treatments, the abundances of the genes that are known to perform a role in 
these processes were obtained from MG-RAST after annotation using the KEGG 
database. The raw abundance data is biased by the different sizes of the 
metagenomes. To remove the bias, the number of participating genes was 
expressed as the ratio of the abundance of participating genes to the abundance of 
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the “housekeeping” genes cysS and dnaK, which were chosen as baselines because 
their relative abundance was most nearly constant in the samples (Section 2.10.6). A 
large ratio would indicate an increased number of genes involved in methanogenic 
benzoate degradation. This is similar to the technique used by (Ishii et al., 2015). 
Full benzoate degradation pathways and pathways for methanogenesis were found 
in the samples of the final enrichment after analysis in IMG.JGI using the KEGG 
database. 
4.2.8 Sequence analysis 
Sequences of the most abundant Syntrophus, Methanosaeta and Methanosarcina 
OTUs were aligned using BLASTN 2.6 with the default parameters (Altschul et al., 
1990; NCBI, 1990). 
4.2.9 Microscopic analysis 
Samples from the fourth enrichment were diluted 100 in 1 ml sterile 1 PBS solution 
and stained with SYBR Gold stain. The samples were put on a membrane, washed 
and placed onto a microscope slide. The slides were examined and photographed at 
100 magnification using the Nikon Eclipse Ci optical microscope. The full details of 
the procedure for microscopy are given in Materials and Methods, section 2.13.  
4.2.10 Statistical analysis 
All statistical analysis was carried out using R version 3.2.2. A detailed description of 
the statistical methods can be found in Materials and Methods, section 2.12. 
Ordination analysis, namely canonical correspondence analysis (CCA) and 
nonmetric multidimensional scaling (NMDS) calculations and plots, were used to 
create a spatial analogue of the similarities and differences between the 
microorganisms sustained by different cultures. Similarity was measured using the 
Bray-Curtis similarity metric. Samples of widely different sizes were coerced into 
comparable samples using the rarefaction algorithm. 
In the analysis of numbers of genes for methanogenesis and for benzoate 
degradation under methanogenic and non-methanogenic conditions, Student’s t was 
used to assess the significance of the differences between population sizes. 
Permutational multivariate analysis of variance was used to attribute the differences 
between the community compositions observed in the NMDS plot to treatment, 
environment and differences between groups. 





Degradation of benzoate and methane production by methanogenic benzoate-
degrading enrichment cultures from River Tyne sediment was investigated. The 
composition and dynamics of the microbial communities in the enrichment cultures 
was investigated using 16S rRNA amplicon analysis and the functional potential of 
the communities was explored using shotgun metagenomics. 
4.3.1 Methanogenic benzoate degradation 
Methane production and benzoate degradation were measured over time in the 
original incubation and the final enrichment culture (Figure 4.2 A and B). Methane 
accumulation occurred concomitant with benzoate depletion. Control incubations 
containing the methanogenesis inhibitor BES, showed very low levels of methane 
accumulation. Although no significant methane production was observed in the 
original incubation treated with BES, significant depletion of benzoate occurred 
(Figure 4.2 A).  
The original incubations had an expected longer lag phase of 20 days in comparison 
with the lag phase of the final incubations, which was 10 days. However, the rate of 
methanogenesis was similar at 46.21 mol/day and 46.02 mol/day respectively, 
giving a rate of benzoate degradation of 0.030 mM/hr/ml in the original incubation 
and 0.028 mM/hr/ml in the final enrichment. The calculation of these rates excludes 
the lag phase. 
Methanogenic degradation of 1 mol of benzoate generates 3.75 mol of methane 
(Equation 4.1). 
Equation 4.1: 4C6H5COO
- + 4H+ + 18H2O  15CH4 + 13CO2 
The original incubations yielded 1965 mol of methane, which is less than half the 
expected amount of methane (Figure 4.2 A). The final incubations, in contrast, 





Figure 4.2 Benzoate and methane accumulation in the original (A) and final (B) 
incubations. The experimental group is indicated by the colour of the markers. 
Benzoate concentration is indicated by red or brown markers. Methane concentration 
is indicated by blue markers. Error bars represent a standard deviation of the mean 
of the triplicate incubations. 
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4.3.2 Microscopic analysis of methanogenic benzoate-degrading enrichment 
cultures 
In enrichment cultures showing benzoate degradation and accumulation of methane, 
aggregates were visible to the naked eye (Figure 4.3). 
 
Figure 4.3 Triplicate microcosms containing methanogenic benzoate-degrading Tyne 
sediment enrichment cultures. Aggregates can be seen as black and dark brown 
flocs. 
Microscopic analysis showed the presence in the enrichments of a morphologically 
diverse and complex microbial community (Figure 4.4). The enrichments contained 
high numbers of rod-shaped organisms either as individual cells or in long chains 
(Figure 4.4 A). Clusters of cells morphologically similar to Methanosarcina were also 
observed (Figure 4.4 B) and aggregates containing longer filaments were present 
which could represent Methanosaeta (Figure 4.4 C). Putative Methanosarcina 
clusters were identified in 41% of 17 randomly chosen fields of view whereas putative 







Figure 4.4 Morphology of microorganisms present in the enrichment with benzoate 
under methanogenic conditions. Microorganisms were stained with SYBR gold 
nucleic acid stain. (A) Rod shaped cells. (B) Fluorescent pseudosarcinae cells. 
(C) Filamentous cells. 
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4.3.3 -diversity analysis of multiple syntrophic benzoate degrading 
enrichments 
An analysis of community structure using -diversity analysis on the 16S rRNA data 
showed clear clustering of triplicated samples and separation between experimental 
treatments and enrichments (Figure 4.5). Permutational Multivariate Analysis of 
Variance showed that the most significant variation between the samples is due to 
treatment, i.e. the presence or absence of BES (F = 12.6, p < 0.001). This variation 
appeared along Dimension 2, by an NMDS analysis (Figure 4.5 A). Variation 
between groups of triplicate samples is also significant (F = 5.85, p < 0.001) and can 
be seen along Dimension 3 (Figure 4.5 B). There is a small variation between 
enrichments (F = 2.36, p < 0.05), possibly due to a shift from hydrogenotrophic to 
acetoclastic methanogenesis, which appears in the NMDS analysis as Dimension 1. 
Multivariate analysis also found significant interaction effects between groups and 
enrichments (F = 10.83, p < 0.001) and between groups and treatments (F = 4.65, 






Figure 4.5 NMDS analysis showing the clustering of triplicate samples along three 
orthogonal dimensions using rarefied data to the smallest sample 34,100. Note: This 
diagram is drawn in perspective. Markers close to the observer appear larger than 
markers further away. This indicates their position on axis 3 (figure A) and axis 1 
(figure B). 
The relation between abundant organisms, methane production and benzoate 
degradation in the time series was further investigated using canonical 
correspondence analysis (CCA). The analysis showed a comparable difference 
between the community composition of the benzoate degraders present in the 
treatment groups, i.e. the samples with BES and the methanogenic samples (Figure 
4.6). Organisms taking part in syntrophic benzoate degradation under methanogenic 
conditions, shown on a red background in Figure 4.6, largely comprise different 
OTUs belonging to Syntrophus, Methanofollis and Methanosaeta. Organisms taking 
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part in benzoate degradation in the presence of BES, shown on the blue background, 
all of which believed to exhibit mutual metabolic dependencies, comprise the 
sulphate reducers Desulfomicrobium and Desulfovibrio, together with members of the 
genus Syntrophus. It was observed that Syntrophus was assigned to both treatment 
groups, but the OTUs identified as Syntrophus in the two treatment groups were 
different. This was later investigated by sequence alignment (section 4.3.6). 
 
Figure 4.6 (A) Canonical correspondence analysis showing the most abundant OTUs 
related to methane production (red) and benzoate degradation (blue). Blue arrows 
show the loadings of methane and benzoate on the two principal axes CCA1 and 
CCA2. Overlapping labels are clarified by insets (Enlarged 1 and 2, indicated by dark 
blue arrows). Labels in black text show the composition of the samples on different 
days. Microorganisms are represented by abbreviations in red text. The 
abbreviations are listed in Table 4.1. 
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Table 4.1 Table of abbreviations used in the CCA analysis of time series Figure 4.6. 
Organism names Abbreviation 
Bacteroidetes vadin HA17 BV 
Blvii28 wastewater-sludge group BW 
Desulfomicrobium DM.1 to DM.8 
Desulfovibrio DS 
Bacteria Hyd24-12 HY 
Methanofollis MF.1 to MF.3 
Methanosaeta MT.1, MT.2 
NB1-n N1 
Nitrospirales 4-29 N4 
Bacterium enrichment culture clone 
R4-81B 
R4 
SAR406 clade (Marine group A) S4 
SC103 SC 
Synergistaceae SG.1 to SG.5 
Syntrophus 
SH.1 to SH.9, 
SH.A, SH.B 
Spirochaetes LNR A2-18 A2-18, SL.1 
Spirochaetes LNR A2-18 A2-18, SL.2 
Spirochaetes LNR A2-18 SL.3 
Spirochaeta SP 
Spirochaetaceae ST.1, ST.2 
Spirochaetes SX.1 to SX.3 
Bacteria TA06 TA 
Thermovirga TV.1, TV.2 
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4.3.4 Development and composition of syntrophic benzoate biodegrading 
communities and determination of the key syntrophic members 
The development of syntrophic benzoate-degrading, methanogenic communities was 
followed from the original incubation through 6 subsequent subcultures. There was a 
marked difference between the community composition in the Tyne sediment and the 
final enrichment. Shifts in the community composition were observed through the 
subsequent enrichments. However, a clear enrichment of specific taxa from the 
inoculum in the enrichment cultures was also observed (Figure 4.7). The community 
composition profile of the most abundant taxa, as determined by 16S rRNA amplicon 
sequencing results, shows the predominant taxa to be methanogens and 
microorganisms known to be involved in syntrophic biodegradation e.g. Syntrophus. 
The putative syntrophic benzoate degraders under methanogenic conditions were 
Syntrophus spp. whereas the methanogenic partners encompassed 
hydrogenotrophic and acetoclastic methanogens (Methanocorpusculum, 
Methanofollis, Methanosarcina, Methanosaeta) (Figure 4.7 A). 
In the BES controls, methanogens are largely absent (Figure 4.7 B). The 
microorganisms believed to exhibit mutual metabolic dependencies are sulphate 
reducers, including Desulfomicrobium, Desulfotomaculum, Desulfosporosinus and 
the syntrophic microorganisms Syntrophomonas and Syntrophus. 
The community composition profile also shows a substantial presence of 
Spirochaetes, Synergestaceae, Mollicutes and, in the BES controls, Desulfovibrio 








Figure 4.7 Community composition of Tyne Sediment and enrichments with benzoate 
1 to 6 (A) without and (B) with BES, showing the most abundant 1% of taxa. Red 
circles mark taxa which are hypothesised to take part in benzoate degradation. 
The community members presumed to be involved in the biodegradation of benzoate 
were examined further (Figure 4.8). 
The relative abundance of methanogens changed from the original incubations 
through to the sixth subculture (Figure 4.8 A). From the original enrichment until the 
third subculture, Methanocorpusculum and Methanosarcina increased in relative 
percentage abundance (from 0.009% to 16% and from 0.01% to 6% respectively). In 
subsequent subcultures (3 – 6), these species were replaced by Methanofollis and 
Methanosaeta as the predominant hydrogenotrophic and acetoclastic methanogens 
respectively (Figure 4.7 A and Figure 4.8 A). Methanocorpusculum and 
Methanosarcina sequences fell in relative abundance (to 0.05% and 0.7% 
respectively) while the relative abundance of Methanofollis and Methanosaeta rose 
(from 3  10-4% to 8% and from 0.03% to 10% respectively). Syntrophus spp. were 
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the dominant bacteria in the methanogenic benzoate-degrading enrichments and 
increased in relative abundance from 0.1% in the sediment inoculum up to 44% in 
the sixth subculture (Figure 4.8 B). 
By contrast, in BES controls, the sulphate reducer Desulfomicrobium came to 
dominate the bacterial community. Its relative abundance increased from 0.0357% in 
the original subculture to 44% in the final subculture. The second most abundant 
organism was Syntrophus with relative abundance ranging from 4.3% in the original 
subculture to 24% in the final subculture. 
Other presumed benzoate degraders, Desulfotomaculum, Syntrophomonas and 
Desulfosporosinus, were in lower abundance in all cultures, with and without BES. 
 
 
Figure 4.8 Percentage relative abundance of (A) methanogens involved in syntrophic 
benzoate degradation and (B) sulphate reducers and presumed syntrophic benzoate 
degraders in Tyne Sediment, original incubations with benzoate and in subsequent 
enrichments with benzoate 1 to 6, without BES (left) and with BES (right). Error bars 
represent a standard deviation of the mean of the triplicate incubations. 
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4.3.5 Community composition analysis and determination of syntrophic 
partners in the course of a time series 
The dynamics of the microbial communities in the final enrichment from inoculation to 
complete benzoate removal was followed. 
Shifts in composition of communities in benzoate-degrading enrichment cultures with 
and without BES were plotted over a period of 74 days (Figure 4.9 A and B). 
The most abundant taxa over the time series in the methanogenic incubations were 
methanogens related to Methanofollis and Methanosaeta and the syntrophic 
bacterium Syntrophus (Figure 4.9 A). The average relative abundance of 
Methanofollis was 10.3% on day 17 which increased to 13.4% on day 35 and then 
declined to 7.6% on day 74. In contrast, the average relative abundance of 
Methanosaeta from day 17 to day 35 ranged between 2.0%. to 4.0% and increased 
on day 74 to 10%. The average relative abundance of Methanocorpusculum and 
Methanosarcina was low throughout the time series with highest values of 0.5% and 
1% respectively. The highest average relative abundance is observed in Syntrophus 
throughout the time series with the lowest abundance on day 60 (36.3%) and the 
highest on day 28 (55.0%). On day 60 a higher average relative abundance of other 
organisms such as Bacteroidetes, particularly Sphingobacteriales (from 0.31 % to 
0.63%), vadin HA17 (from 1.5% to 3.3%) and Spirochaeta (from 12.0% to 14.2%) 
could account for the drop in the relative abundance of Syntrophus. On day 17 an 
enrichment of Desulfomicrobium was observed with an average relative abundance 
of 8.5%, but by day 74 the abundance dropped to 1%. 
Examining the BES controls over the same period, any trend is less obvious and 
does not depend upon organisms taking part in methanogenesis. The most abundant 
taxa over the time series in the enrichments with BES were the syntrophic bacterium 
Syntrophus and the sulphate reducer Desulfomicrobium (Figure 4.9 B). The average 
relative abundance of Syntrophus increased from 21.0% on day 17 to 31.5% on day 
35 and had dropped to 23.8% by day 74. Average relative abundance of 
Desulfomicrobium remained high through the time series. On day 17 51.2% was 
observed and after 74 days the relative abundance had dropped to 43.6%. The drop 
in the relative abundances of Desulfomicrobium and Syntrophus could be due to an 
increase in the relative abundance of Desulfovibrio from 1% to 3.2%, Spirochaeta 






Figure 4.9 Community composition of Tyne Sediment and enrichments with benzoate 
along time series (A) without and (B) with BES, showing the most abundant 1% of 




4.3.6 Analysis of archaeal and bacterial 16S rRNA gene sequences 
Sequence alignment was performed in an attempt to establish the reasons for the 
diminution in abundance of Methanosarcina and the increase in abundance of 
Methanosaeta. Sequence alignment was also performed on Syntrophus to further 
investigate the observed difference found by the CCA analysis which showed that 
different OTUs appeared to be enriched at different points in the time series with and 
without BES. 
The sequences of the most abundant Methanosarcina OTUs were identified from the 
total of all methanogenic enrichments and examined by sequence alignment in 
BLAST. The alignment produced a 99% identity to two sequences from 
representatives of the genus Methanosarcina, Methanosarcina subterranea strain 
HC-2 and Methanosarcina lacustris strain ZS (Appendix L). These two methanogens 
do not utilise acetate (Simankova et al., 2001; Shimizu et al., 2015). 
The sequence alignment of the two most abundant Methanosaeta OTUs found in 
greatest abundance across all methanogenic enrichments showed that they shared a 
98% and 99% 16S rRNA sequence identity to the acetoclastic methanogens 
Methanosaeta harundinacea strain 8Ac and Methanosaeta concilii strain GP6 
respectively. 
The Syntrophus OTUs found in high abundance under methanogenic conditions 
were closely related to Syntrophus aciditrophicus with 16S rRNA sequence identities 
of 98.5% ± 0.5% (Table 4.2). In the enrichments with BES 16S rRNA sequence 
identity with known benzoate degrading Syntrophus spp was lower (93.5% ± 4.5%, 
Table 4.2) confirming the results of the CCA, showing that different Syntrophus spp 




Table 4.2 16S rRNA sequence similarities of the most abundant Syntrophus OTUs 

















98% 98% 98% 97% 
GQ181655.1.1420 
Methanogenic 
99% 99% 98% 98% 
AB186854.1.1479 
Methanogenic 
99% 99% 98% 98% 
GQ181933.1.1423 
BES 
98% 98% 98% 97% 
New.ReferOTU1345 
BES 
96% 96% 96% 95% 
New.ReferOTU1266 
BES 
92% 92% 92% 91% 
New.ReferOTU1080 
BES 
94% 94% 93% 93% 
New.ReferOTU1233 
BES 
90% 90% 91% 90% 
New.ReferOTU1506 
BES 
89% 89% 91% 91% 
4.3.7 Metagenomic analysis of syntrophic benzoate degrading cocultures 
Metagenomic analysis was conducted to assess the metabolic potential of the 
community members and the potential modes of syntrophic interaction between the 
community members. 
Metagenomic analysis of samples from the final time point from the final enrichment 
were conducted. After quality control, the number of sequences analysed from each 
sample ranged from 4037705 to 1865955 and the mean sequence length varied from 
71 to 268 base pairs. The characteristics of the metagenome data read and 
sequenced may be found in Appendix M. 
The community composition of the most abundant taxa, established by the 16S rRNA 
amplicon analysis, was confirmed by the metagenomic analysis. The most abundant 
taxa found in the metagenomic datasets and 16S rRNA amplicon datasets are shown 
in Figure 4.10. Both methods of analysis found the same taxa to be most abundant, 
namely the methanogenic archaea Methanocorpusculum, Methanosarcina, 
Methanofollis, Methanosaeta, the syntrophic microorganism Syntrophus and the 
sulphate reducers Desulfomicrobium and Desulfotomaculum. Methanofollis, which 
was found by both the amplicon sequencing and the analysis of the 16S rRNA in the 
metagenomes, was not found in the data set derived from the NCBI protein database 




Figure 4.10 Most abundant taxa found by 16S rRNA amplicon analysis, 16S rRNA 
analysis of the sequences in the metagenomes using the SILVA database, and 
metagenomic analysis of taxa identified by the NCBI protein database. Samples with 
BES are shown in light blue, green and dark blue. Methanogenic samples are shown 
in light red, medium red and brown. Abundance is shown on a logarithmic scale. 
Methanofollis (highlighted in red) was not identified by the NCBI protein database. 
Full acetoclastic methanogenesis, hydrogenotrophic methanogenesis and benzoate 
degradation pathways were found in the assembled metagenomic data (Appendix N). 
Pathways for degradation of benzoate to CO2, H2 and acetate were found in 
assemblies and raw reads assigned to Syntrophus spp (Figure 4.11). 
The genes found in especially high abundance in all methanogenic samples, dch, 
had and oah, form a part of the pathway for ATP-dependent reduction of the aromatic 
ring. The mean abundance of genes that take part in benzoate degradation found in 
all three samples, namely badA, hbaA, badH, dch, had and oah, found in the final 





Figure 4.11 (A) The benzoate degrader Syntrophus and its partners in methanogenic 
and non-methanogenic final enrichments. (B) Successive enzymes convert sodium 
benzoate to 3 acetyle CoA and CO2 in stages. Numbers in parentheses are mean 
gene counts () and the calculated standard deviation () for the genes involved in 
enzyme production. The abbreviations refer to: BadA: benzoate-CoA ligase, BadH: 
2-hydroxycyclohexanecarboxyl-CoA dehydrogenase, Dch: cyclohexa-1,5-
dienecarbonyl-CoA hydratase, Had: 6-hydroxycyclohex-1-ene-1-carbonyl-CoA 
dehydrogenase, HbaA: 4-hydroxybenzoate-CoA ligase and Oah: 6-oxocyclohex-1-
ene-carbonyl-CoA hydrolase. Part B is adapted from (Fuchs et al., 2011). 
The metagenomic data showed the presence of genes known to take part in the 
degradation of benzoate (Carmona et al., 2009; Fuchs et al., 2011) in metagenomes 
taken both from the methanogenic samples and from the samples containing BES. 
The presence of those genes is consistent with the high relative abundance of 
Syntrophus, a primary benzoate degrader, in both cocultures. In order to compare 
the number of genes for benzoate degradation found in the two experimental 
treatments, the number of genes was expressed as the ratio of the abundance of the 
genes of interest to the abundance of the “housekeeping” genes cysS and dnaK, 
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whose function is unrelated to benzoate metabolism (Figure 4.12 and Figure 4.15). 
The resulting abundance ratio shows that a significantly greater number of genes for 
benzoate degradation was found in the absence of BES (Student’s t test for related 
samples, p < 0.02, Figure 4.12 A) which is consistent with a greater relative 
abundance of Syntrophus in the methanogenic enrichments. The genes dch, had and 
oah were found in roughly equal numbers relative to a reference gene in Syntrophus 




Figure 4.12 Abundance of genes involved in syntrophic degradation of benzoate, 
compared with the abundance of ‘housekeeping’ genes. (A) Proportion of genes 
found in all taxa from methanogenic and non-methanogenic samples of the final 




Genes for benzoate degradation were not found in the putative benzoate degrader 
Desulfomicrobium. However, genes known to take part in the dissimilatory sulphate 
reduction sat, aprA, aprB, dsrA, dsrB and cysH were found in Desulfomicrobium only 
in metagenomic samples containing BES (Figure 4.13). 
 
Figure 4.13 Proportion of genes taking part in sulphate reduction found in 
Desulfomicrobium, only in the incubations with BES. The genes and corresponding 
enzymes abbreviations are as follows: Sat: sulfate adenylyltransferase, AprA: 
adenylylsulfate reductase, subunit A, AprB: adenylylsulfate reductase, subunit B, 
DsrA: sulfite reductase, dissimilatory-type alpha subunit, DsrB: sulfite reductase, 
dissimilatory-type beta subunit, CysH: phosphoadenosine phosphosulfate reductase. 
The full complement of genes for Methanogenic CO2 reduction, acetoclastic 
methanogenesis and methylotrophic methanogenesis was detected in the 
metagenome data (Figure 4.14). 
Both hydrogenotrophic Methanofollis and acetoclastic Methanosaeta methanogens 
were found in high relative abundance (Figure 4.8 A). An abundance of genes for 
hydrogenotrophic and acetoclastic methanogenesis appears to be due to the 
enrichment of hydrogenotrophic and acetoclastic methanogens. The methanogens 
would have required active methanogenic pathways in order to grow in abundance. 
The complete complement of genes for methylotrophic methanogenesis was found. 
These genes were at much lower relative abundance than genes for the other 
pathway components, reflecting the fact that there was little scope for methylotrophic 
methanogenesis in the benzoate degrading system. Only five mta genes, which are 




Figure 4.14 Pathway diagram showing enzymes involved in hydrogenotrophic, 
acetoclastic and methylotrophic methanogenesis. Highlighted genes (e.g. cdhC) are 
pathway specific, other genes (hdrA, mcrA, mtrA) are common to all pathways. 
Numbers in parentheses refer to the mean abundance of the genes () and standard 
deviation () in methanogenic samples. Abbreviations of enzymes are as follows: 
AckA: acetate kinase, ACSS: acetyl-CoA synthetase, CdhC: acetyl-CoA 
decarbonylase/synthase complex subunit beta, EchA: hydrogenase subunit A, 
FdhA: glutathione-independent formaldehyde dehydrogenase, FmdA: 
formylmethanofuran dehydrogenase subunit A, FTR: formylmethanofuran-
tetrahydromethanopterin N-formyltransferase, HdrA: heterodisulfide reductase 
subunit A, MCH: methenyltetrahydromethanopterin cyclohydrolase, McrA: methyl-
coenzyme M reductase alpha subunit, MER: coenzyme F420-dependent N5, N10-
methenyltetrahydromethanopterin reductase, MtaA: [methyl-Co(III) methanol-specific 
corrinoid protein]: coenzyme M methyltransferase, MTD: 
methylenetetrahydromethanopterin dehydrogenase, MtrA: tetrahydromethanopterin 




Abundance ratio is used as a measure of enrichment in Figure 4.15. The abundance 
of genes for methanogenesis from the entire sample are compared to the abundance 
of the “housekeeping” gene cysS. Genes involved in methanogenesis found in 
specific archaea are measured with reference to dnaK. DnaK was chosen because in 
Methanosaeta, Methanosarcina and Methanocorpusculum, dnaK was more evenly 
distributed than cysS across samples in which those methanogens were found. This 
means that measurements stated on Figure 4.15 A are not strictly comparable with 
measurements stated on Figure 4.15 B, C and D. 
A significantly greater number of genes involved in methanogenesis was found in the 
absence of BES (Student’s t test for related samples, p < 0.05, see Figure 4.15 A). 
This is consistent with the low relative abundance of methanogenic archaea in 
enrichment cultures with BES. 
However, some genes which form parts of pathways involved in methanogenesis 
were found in the samples with BES. The ACSS, ackA and pta genes are known to 
take part in acetoclastic methanogenesis and additionally to take part in glycolysis 
which converts glucose to pyruvate and also in the acetyl-CoA pathway used to fix 
carbon dioxide. These genes were abundant in samples with BES, suggesting that 
the abundance of these genes in these samples could be due to another metabolic 
function. HdrA, which is also found in high abundance in samples with BES, is 
involved in energy conservation in methanogenesis from H2/CO2. The gene is known 
to be present in other microorganisms, which could account for its high abundance 
(Thauer et al., 2008; Pereira et al., 2011). 
A high abundance of the genes involved in acetoclastic methanogenesis (e.g. ACSS, 
CdhC) was found in Methanosaeta, which is a known obligate acetoclastic 
methanogen using ACSS to utilise acetate, while the genes required for 
hydrogenotrophic methanogenesis were in lower abundance (Figure 4.15 B). 
Genes encoding Ftr, Mch, Mtd and Mer, which are known to take part in the 
reduction of CO2 to methane were found in abundance in Methanosaeta. However, 
the absence of hydrogenase subunit A, EchA, which is required to carry out 
hydrogenotrophic methanogenesis, is consistent with genome studies previously 
carried out (Smith and Ingram-Smith, 2007). Methanosarcina contained genes for 
both acetoclastic and hydrogenotrophic methanogenesis. It is of note that the fmdA 
gene, encoding formylmethanofuran dehydrogenase, which is involved in 
hydrogenotrophic methanogenesis, was found in high abundance (Figure 4.15 C). 









Figure 4.15 Gene relative abundances. (A) Comparison of abundance of genes 
involved in methanogenesis found under methanogenic and non-methanogenic 
conditions, measured with respect to “housekeeping” gene cysS. (B to D) Relative 
abundance of genes involved in methanogenesis, measured with respect to 
“housekeeping” gene dnaK, found in (B) Methanosaeta, (C) Methanosarcina, (D) 
Methanocorpusculum in enrichments under methanogenic conditions. 
Methanocorpusculum is a known hydrogenotrophic methanogen. It exhibits higher 
abundance of the fmdA and mch genes than Methanosaeta, a known acetoclastic 
methanogen (Figure 4.15 D). FmdA encodes formylmethanofuran dehydrogenase 
and mch, encodes methenyltetrahydromethanopterin cyclohydrolase, both of which 
are involved in hydrogenotrophic methanogenesis (Figure 4.14). 
4.4 Discussion 
Since the late eighteenth century, heavy industry including a large coal exporting 
port, has discharged pollutants, including hydrocarbons, into the River Tyne. The 
industrial history of the River Tyne suggests that there is potentially an indigenous 
community of microorganisms capable of degrading hydrocarbons and other 
aromatic compounds. Previous studies under methanogenic conditions using 
sediment from the River Tyne and crude oil have shown hydrocarbon degradation by 
the microorganisms in the sediment inoculum (Jones et al., 2008; Gray et al., 2011; 
Aitken et al., 2013). 
In the methanogenic environments where degradation of organic carbon and other 
compounds containing carbon is coupled to a syntrophic partner, participating 
organisms generate energy through pathways, which operate close to 
thermodynamic equilibrium (Dolfing et al., 2008). Thermodynamically, such 
syntrophic relationships can only be sustained by removing products of primary 
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substrate fermentation such as H2, acetate and formate (Dolfing et al., 2008). The 
responsibility for the removal of the products usually falls onto methanogens. 
This study aimed to identify the microorganisms involved in the degradation of the 
monoaromatic compound benzoate under methanogenic conditions after multiple 
transfers using Tyne sediment as inoculum. The study also aimed to identify the 
potential metabolic interactions between different members of syntrophic benzoate 
degrading communities. 
4.4.1 Syntrophic benzoate degradation under methanogenic conditions 
It was hypothesised that, under methanogenic conditions, benzoate is degraded 
syntrophically by the consortium of microorganisms present in inoculum from the 
River Tyne.  
Conversion of benzoate to methane is described in Equation 4.1. One molecule of 
benzoate produces 3.75 molecules of methane. 
Equation 4.1: 4C6H5COO
-+ 4H+ + 18H2O  15CH4 + 13CO2  
Each microcosm contained 1 mmol of benzoate and in accordance with the 
stoichiometry of Equation 4.1 and was expected to generate 3.75 mmol of methane. 
The stoichiometric methane content of 3750 mol (3.75 mmol) was reached in nearly 
all the methanogenic enrichment cultures. This indicates that the community of 
microorganisms degraded benzoate successfully and completely under 
methanogenic conditions (Figure 4.2 B). 
A lag phase of 20 days in the original enrichment with benzoate and 10 days in the 
final enrichment was observed before methane production could be detected. A lag 
phase of 50 to 80 days has been described previously in enrichment cultures with 
benzoate and lake sediment as inoculum by Sleat and Robinson (1983). The drop in 
the lag phase in the final enrichment could be attributed to the enriched culture of 
microorganisms specialised in the degradation of benzoate. However, the enrichment 
of such microorganisms did not seem to have any effect on the rate of 
methanogenesis and the rate of benzoate degradation, which remained similar in the 
original and final enrichments (see section 4.3.1). 
In the original incubations the expected amount of methane was not produced and 
the enrichment yielded only 1965 mol (1.965 mmol) methane, which is less than half 
the expected amount. Inhibition of methanogenic benzoate degradation has been 
detected in several previous studies and attributed to the inhibition of the syntrophic 
members of the community by the accumulation of acetate or hydrogen (Dolfing and 
Tiedje, 1988; Hopkins et al., 1995; Schöcke and Schink, 1997). A study carried out 
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by Elshahed and McInerney (2001) demonstrated inhibition of benzoate degradation 
in a monoculture of Syntrophus aciditrophicus where high partial pressure of H2 
(10 kPa) was present. In the same study, cultures containing 60 mM of sodium 
acetate showed no benzoate degradation, suggesting an inhibitory effect of acetate 
on Syntrophus aciditrophicus. 
However, all the benzoate in the samples was degraded, which suggests that a 
syntrophic benzoate utiliser, which converts benzoate to hydrogen, CO2 and acetate, 
was not inhibited. Acetate was measured but no acetate was detected in the original 
methanogenic enrichments. Therefore the inhibition of syntrophic benzoate 
degradation and methane production did not seem to be due to acetate 
accumulation. The methanogenic archaea, which utilise H2 and CO2 to produce 
methane, appear to have been inhibited, which leaves open the possibility that the 
methanogenic archaea were inhibited by hydrogen. A study by (Lovley, 1985) 
investigating hydrogen uptake by pure cultures of Methanobacterium formicicum JF-
1, Methanobacterium bryantii M.o.H. and Methanospirillum hungatei JF-1 showed a 
threshold for H2 metabolism below which hydrogen was not utilised. The reported 
values were estimated as the mean threshold and standard deviation for five cultures 
of each organism, which were as follows: M. formicicum, 6.5 ± 0.6 Pa; M. bryantii, 6.9 
± 1.5 Pa; and M. hungatei, 9.5 ± 1.3 Pa (Lovley, 1985). A review by Conrad (1999) 
has described an inhibition of methane production due to insufficient concentration of 
the H2 required by hydrogenotrophic methanogens. Conrad described the dynamics 
of organic matter degradation and hydrogen utilisation in anoxic environments and 
the competition for H2 between microorganisms such as methanogenic archaea, 
homoacetogenic and sulphate reducing bacteria. The researcher described the 
change in H2 concentration as dependent on the rates at which microorganisms 
produce and consume it. 
Some microorganisms can utilise H2 with a higher affinity than others creating 
competition for this substrate. For example, sulphate reducers utilise H2 faster than 
the methanogens due to a lower Km value, which is the substrate concentration at 
which the reaction velocity is half of the theoretical maximum velocity predicted by 
the Michaelis-Menten model (Michaelis et al., 2011). Thus microorganisms with the 
lower Km value can utilise substrate faster. However instantaneous complete 
inhibition of H2-dependent methanogenesis is not explained by this model. Conrad 
(1999) describes a threshold H2 concentration below which utilization is no longer 
possible because of thermodynamic constraints. Thus after the H2 concentration falls 
below a threshold, methanogenesis from H2 is inhibited and sulphate reducing 
organisms, which are known to have an affinity for hydrogen, outcompete the 
methanogens for resources of H2. The threshold, usually equivalent to a Gibbs free 
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energy of –23 kJ mol–1 methane, is the minimum energy necessary to produce ⅓ 
ATP for the energy generating system of the cell. When the availability of hydrogen 
falls below the threshold, the production of methane becomes thermodynamically 
unfavourable for the methanogens. It is possible that the lower production of 
methane in the original incubation was due to this effect, but since the concentration 
of hydrogen was not measured, this suggestion is speculative. 
4.4.2 Key syntrophic benzoate degraders 
The principal syntrophic microorganisms in the degradation of benzoate appeared to 
be Syntrophus, Methanosaeta, Methanosarcina, Methanocorpusculum and 
Methanofollis spp. 
At the onset of methanogenesis, aggregates were observed in the methanogenic 
enrichment cultures, though aggregates were less obvious in the cultures with BES 
(Figure 4.3). Microscopic examination of the methanogenic enrichment cultures 
showed the aggregates to be of different species. The morphologies of the 
microorganisms in Figure 4.4 (micrograph A) resembled the rod shaped Syntrophus, 
(B) Methanosarcina cells and (C) the filament like structure of Methanosaeta which 
are hypothesised to take part in the degradation of benzoate in the study described in 
this chapter (Figure 4.1). Schink (1997) provided a detailed description of 
aggregation and its advantages, such as optimal transfer of metabolite between 
hydrogen forming fermenters and hydrogen consuming methanogens in syntrophic 
communities. A more recent study by Rotaru et al. (2014) into syntrophy between 
Geobacter metallireducens and Methanosaeta harundinaceae spp. found that 
organisms that perform syntrophy needed to cluster close together and showed that 
species used physical contact to transfer electrons directly from one species to 
another. The researchers referred to the process as “direct interspecies electron 
transfer” (DIET). Grabowski et al. (2005) described the formation of aggregates by 
microorganisms enriched from a low temperature biodegraded oil field and grown on 
stearate and heptadecanoate. The researchers identified the syntrophic 
microorganisms as Syntrophus with methanogenic archaea Methanocalculus and 
Methanosaeta. Confocal scanning laser microscopy had shown that the 
microorganisms clustered around the insoluble long chain fatty acid heptadecanoate, 
used as substrate. The presence of different microorganisms, the formation of 
aggregates and the diversity of the microorganisms observed in them suggested that 
the communities might be syntrophic (Figure 4.4). This conjecture is consistent with 
the findings described above. 
From the investigations of community composition using 16S rRNA amplicons, it 
became apparent which microorganisms were acting as syntrophs in benzoate 
156 
 
degradation, because their relative representation increased during the course of 
benzoate enrichments. Metagenomic analysis also found the same microorganisms 
in abundance. It was hypothesised that Syntrophus and Smithella, both of which are 
members of the Syntrophaceae family, would be intermediaries in the degradation. 
Syntrophus OTUs with high abundance under methanogenic conditions were found 
to be closely related to a known benzoate degrader Syntrophus aciditrophicus with 
16S rRNA sequence identities of 98.5% ± 0.5% (Table 4.2, Elshahed et al. (2001), 
McInerney et al. (2007). The incubations of Tyne sediment with benzoate under 
methanogenic conditions showed an enrichment of Syntrophus. Reads from 
Syntrophus 16S rRNA genes represented only 0.1% (n = 1) of total reads in the 
sediment inoculum. This increased to 14.4% ( = 1.16) of reads in the original 
enrichment culture, reaching 44.2% ( = 10.8) of reads in the final enrichment 
following 6 subcultures (Figure 4.8 B). Based on the enrichment of Syntrophus and 
high sequence identity of the most abundant OTUs to the known benzoate degrader 
Syntrophus aciditrophicus it seemed probable that this microorganism acts as a key 
syntrophic oxidiser of benzoate in these cocultures. Previous research has also 
demonstrated benzoate degradation by Syntrophus in a coculture with hydrogen 
utilising microorganisms (Jackson et al., 1999; Elshahed and McInerney, 2001; 
McInerney et al., 2007). 
By contrast Smithella reads were only 0.51% to 0.54% throughout the enrichments. 
Previous research has found suggestive evidence that members of the family 
Syntrophaceae take part in the degradation of hydrocarbons and crude oil (Zengler et 
al., 1999; Grabowski et al., 2005; Gieg et al., 2008; Jones et al., 2008; Gray et al., 
2011). In the study carried out by Gray et al. (2011) Smithella was enriched in the 
incubations containing crude oil, demonstrating its activity in the degradation of 
alkanes in particular. Its low abundance in the enrichments with benzoate suggested 
that Smithella is not an intermediary in the degradation of benzoate, but is most likely 
a primary degrader of saturated hydrocarbons. 
Syntrophic biodegradation of benzoate generates acetate, H2 and CO2 as the final 
products (Equation 4.2) which are further utilised by other organisms such as 
syntrophic acetate oxidisers or methanogenic archaea. 
Equation 4.2: 4C6H5COO
- + 7H2O  3CH3COO
- + HCO3
- + 3H+ + 3H2 
Known syntrophic acetate oxidisers, such as Clostridia, for example Syntrophomonas 
and Thermacetogenium spp (Schnurer et al., 1996; Hattori et al., 2000; Hattori, 2008) 
were not found to grow in abundance in the methanogenic enrichments cultures with 
benzoate. The oxidation of acetate to hydrogen and carbon dioxide was taking place, 
but did not seem to have been carried out by the hypothesised acetate oxidisers, e.g. 
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Syntrophomonas, which was not enriched during the course of the subcultures. 
Instead, the results suggested that two types of methanogenesis occurred. In the 
earliest three subcultures, Methanocorpusculum and Methanosarcina were enriched. 
In later subcultures, Methanosaeta and Methanofollis displaced the previously 
abundant methanogens (Figure 4.8 A). 
Methanosarcina and Methanosaeta are known acetoclastic methanogens. A study 
described by Min and Zinder (1989) reported rates of acetate utilisation by 
Methanosaeta and Methanosarcina to vary depending on the acetate concentration. 
Methanosarcina utilised acetate more rapidly than Methanosaeta when acetate 
concentrations were high. However Methanosaeta had a lower Km value for acetate 
and thus it was favoured by low acetate concentrations. The researchers also 
described threshold values below which acetate utilisation was not detected. The 
researchers identified a range of acetate concentrations from 0.8 mM to 2.5 mM 
below which Methanosarcina did not utilise acetate any further. Methanosaeta on the 
other hand utilised 1 mM of acetate at constant rate until 100 M after which the rate 
of utilisation declined. Threshold concentrations for the utilisation of acetate by 
Methanosaeta ranged from 12 to 21 M. This suggested that Methanosaeta utilised 
acetate at lower concentration with more efficiency. One molecule of benzoate 
produces 3 molecules of acetate (Equation 4.2), which means that in the 
methanogenic cultures, degradation of 1 mM benzoate would yield 3 mM acetate, 
which fell within the range of threshold values described for acetate utilisation by 
Methanosarcina by Min and Zinder (1989). Therefore decline in the relative 
abundance of Methanosarcina in the later enrichments with benzoate could be due to 
insufficient acetate concentrations. Lower acetate concentrations stimulated the 
growth of Methanosaeta, which is more efficient at utilising acetate in lower 
concentration, leading to an observed increase in the relative abundance of this 
archaeon in the later subcultures. 
A series of measurements of a microbial community in the final enrichment showed 
Syntrophus to be the dominant microorganism in the methanogenic enrichments 
throughout the series. It is of note that hydrogenotrophic and acetoclastic 
methanogens showed some variation in the relative abundance in the course of the 
time series. After 17 days of incubation a higher relative abundance of 
hydrogenotrophic methanogen Methanofollis was observed, and later, on days 60 
and 74, the relative abundance of Methanosaeta increased while the relative 
abundance of Methanofollis declined (Figure 4.9 A). The observed fluctuation in the 
abundance of these archaea could be due to a lower growth rate of acetoclastic 
methanogens in comparison with hydrogenotrophic methanogens. 
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Regardless of the shift observed in the archaeal community, enrichment of the 
acetoclastic methanogens belonging to genus Methanosarcina and Methanosaeta, 
and known hydrogenotrophic methanogens Methanocorpusculum and Methanofollis 
(Zellner et al., 1999), suggested that two types of methanogenesis were taking place. 
The simultaneous presence of both hydrogenotrophic and acetoclastic methanogens 
has been identified previously and is quite common. Examples of enrichment of both 
acetoclastic and hydrogenotrophic methanogenesis in the same culture were 
identified in studies of enrichment cultures from environments impacted by crude oil 
and in studies using crude oil and hydrocarbons as energy sources (Zengler et al., 
1999; Gieg et al., 2008). A study carried out by Gieg et al. (2008) using as inoculum 
subsurface sediments contaminated by gas condensate with a microbial population 
previously demonstrated to be able to utilise hydrocarbons and crushed core material 
containing residual oil as substrate has found an enrichment of the acetoclastic 
methanogen Methanosaeta and the hydrogenotrophic methanogen Methanoculleus 
sp. 
4.4.3 Metabolic interactions in syntrophic benzoate degrading enrichment 
cultures 
Metagenomic analysis of the final enrichment was conducted to assess the metabolic 
potential of the community. Metagenomic analysis showed the presence of full 
pathways for benzoate degradation and for hydrogenotrophic and acetoclastic 
methanogenesis (Figure 4.11, Figure 4.14 and Appendix N). 
Comparative analysis of the genes taking part in the degradation of benzoate and in 
the production of methane to the “housekeeping” genes cysS and dnaK showed 
significantly higher abundance of the genes required for benzoate degradation and 
methane production in methanogenic incubations than in incubations containing 
BES. This is in agreement with, and can be supported by, the high relative 
abundance of microorganisms known to take part in benzoate degradation 
(Syntrophus) and methanogenic archaea (Methanosaeta and Methanofollis). 
A further analysis of the metagenomes showed the presence of genes known to be 
involved in the degradation of benzoate in Syntrophus, further supporting the 
hypothesis that Syntrophus is the primary benzoate degrader. The following genes 
involved in benzoate degradation were found in high abundance in Syntrophus: 
dienoyl-CoA hydratase (dch), β-hydroxyacyl-CoA dehydrogenase (had) and β-




It was noteworthy that in the methanogenic and BES incubations, different 
Syntrophus OTUs were identified by CCA of the time series subsamples. 
Examination of the sequences suggested strongly that the Syntrophus present in the 
methanogenic incubations were of different species from those in the BES 
incubations. Sequences from the methanogenic cultures showed 16S rRNA 
sequence identities of 98.5% ± 0.5% (Table 4.2) with Syntrophus aciditrophicus while 
the abundant 16S rRNA sequence in the enrichments containing BES showed 
identity of 93.5% ± 4.5% to Syntrophus aciditrophicus. 
This meant that the Syntrophus present in the different enrichments were of different 
species. The species of Syntrophus found to be enriched in the incubations with BES 
could not be positively identified. However, they showed 99% identity to an 
uncultured Syntrophus spp found in long term mineralisation of pentachlorophenol in 
a continuous-flow system with lactate as an external nutrient (Li et al., 2013). The two 
different species of Syntrophus were both found to contain the same genes for 
degradation of benzoate. 
The archaea, which appeared to be involved in production of methane from H2, CO2 
and acetate, were analysed for their metabolic capability of producing methane. 
Genes for methane production were found in Methanocorpusculum, Methanosaeta 
and Methanosarcina (Figure 4.15). 
The hydrogenotrophic methanogen Methanocorpusculum showed high abundance of 
the genes involved in hydrogenotrophic methanogenesis. Particularly noteworthy is 
the gene formylmethanofuran dehydrogenase, subunit A (fmdA), which reduces 
carbon dioxide to methane using molecular hydrogen as an electron donor 
(Hochheimer et al., 1995; Vorholt and Thauer, 1997; Hochheimer et al., 1998; de 
Poorter et al., 2003). The presence of ACSS in Methanocorpusculum could be 
explained by a different function of this gene known to take part in glycolysis which 
converts glucose to pyruvate (Santiago-Martinez et al., 2016). 
Metagenomic analysis of Methanosarcina showed a presence of genes taking part in 
the acetoclastic and hydrogenotrophic methanogenesis. It was found that the fmdA 
gene, encoding formylmethanofuran dehydrogenase, which is involved in 
hydrogenotrophic methanogenesis, was found in high abundance (Figure 4.15 C). 
Comparative sequences analysis of the most abundant Methanosarcina OTUs 
showed that the Methanosarcina present in the cultures shared 99% sequence 
identity with Methanosarcina lacustris and Methanosarcina subterranea, which do not 
degrade acetate (Simankova et al., 2001; Shimizu et al., 2015). This suggested a 
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possibility that in the earlier enrichments, methane could have been produced by this 
archaeon by means of hydrogenotrophic methanogenesis. 
The presence of pta and ackA in Methanosarcina is common, since in combination 
these genes are responsible for the production of the enzymes 
phosphotranceacetylase and acetate kinase which catalyse the first step of 
acetoclastic methanogenesis, in which acetate is activated to acetyl-CoA. 
The acetyl-CoA synthase/carbon monoxide dehydrogenase complex (ACSS) 
performs the same function in Methanosaeta as pta and ackA in Methanosarcina. 
This difference in the catalysis of the first step of acetoclastic methanogenesis 
between Methanosaeta and Methanosarcina has been described previously (Smith 
and Ingram-Smith, 2007). 
The absence of pta and askA and the high abundance of ACSS genes in 
Methanosaeta is consistent with the literature. Other genes involved in acetoclastic 
methanogenesis were found in abundance in Methanosaeta, in particular acetyl-CoA 
decarbonylase/synthase complex subunit beta (cdhC), which is a part of the ACDS 
complex made up of alpha, beta, gamma, delta and epsilon chains (Guo et al., 2015). 
The ACDS complex is the catalyst for the reversible cleavage of acetyl-CoA, which 
allows growth on acetate as the sole source of carbon and energy in archaea. 
Metagenomic analysis of Methanosaeta also showed in high abundance the 
presence of genes required for the CO2 reduction pathway, ftr, mch, mtd and mer. 
Genes fmdA and echA, essential for utilisation of H2, were not found in 
Methanosaeta, which was consistent with Methanosaeta being acetoclastic rather 
than hydrogenotrophic. 
Methanosaeta species have previously been shown to contain genes for the CO2 
reduction pathway as well as the genes for acetoclastic methanogenesis (Smith and 
Ingram-Smith, 2007; Zhu et al., 2012). 
A study by Rotaru et al. (2014) demonstrated direct interspecies electron transfer 
(DIET) in cocultures grown on ethanol where Geobacter and Methanosaeta were 
highly enriched. The researchers showed by establishing the presence of highly 
expressed genes for the complete pathway of carbon dioxide, that in addition to 
metabolising acetate, Methanosaeta sp could also reduce CO2 to methane. However, 
Methanosaeta does not utilize H2 or formate as an electron donor. Therefore, it would 
require a mechanism for interspecies electron transfer to reduce CO2 to methane. 
Rotaru et al. (2014) found that the mechanism for this transfer was DIET occurring 




The alignment of 16S rRNA sequences from the most abundant Methanosaeta OTUs 
discussed in this chapter showed that the Methanosaeta OTUs were 99% and 98% 
identical to Methanosaeta concilii strain GP6 and Methanosaeta harundinaceae 
strain 8Ac (Ma et al., 2006; Barber et al., 2011). Genes required for the CO2 
reduction and the high similarity established using 16S rRNA sequence alignment 
suggested that members of Methanosaeta present in the benzoate degrading 
cultures had the potential to reduce CO2 to methane. Geobacter was not enriched 
and there was no evidence that DIET had taken place, although it cannot be ruled 
out. DIET could have taken place in the benzoate degrading cultures with a different 
microorganism whose ability to take part in DIET has not been documented. Further 
investigation is required into any capability of Methanosarcina to participate in DIET 
during the degradation of benzoate. 
As expected other key genes coding for essential proteins involved in 
methanogenesis were also found in high abundance in all the methanogenic archaea 
tested, namely tetrahydromethanopterin S-methyltransferase (mtrA), methyl-
coenzyme M reductase A (mcrA) and heterodisulfide reductase subunit A (hdrA). 
4.4.4 Community composition and development in enrichments containing 
BES  
Analysis of -diversity showed a clear separation between methanogenic and BES 
enrichments (p < 0.001, Permutational Multivariate Analysis of Variance, section 
4.3.3). 
2-Bromoethanesulphonate (BrCH2CH2SO3
-) (BES) is a structural analogue of 
Coenzyme M (CoM, HSCH2CH2SO3
-). CoM is a cofactor and is known to be involved 
in the final step of the biosynthesis of methane. In this process, the methyl group 
carried by CoM is reduced to form methane by the enzyme methyl-CoM reductase 
(Mcr) (Gunsalus et al., 1978; Chiu and Lee, 2001). BES is used in microbiological 
studies into the role of methanogens because CoM is considered to be present only 
in methanogens and BES is regarded as a methanogen-specific inhibitor (Oremland 
and Polcin, 1982; Zinder et al., 1984; Scholten et al., 2000; Chiu and Lee, 2001; 
Ettwig, 2006). In the study described in this chapter BES was used as a negative 
control set up alongside methanogenic enrichments. 
Very few methanogenic archaea were observed in the enrichment cultures with BES. 
The average relative abundance ranged between 2.3% ( = 0.2%) in the primary 
enrichment and 2.1% ( = 0.7%) in the final enrichment (Figure 4.7 B). The detection 
of archaea during the analysis of community composition in the subsequent 
enrichments with BES was most likely due to cross contamination introduced by the 
experimental design. During the preparation of transfers, inoculum from 
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methanogenic incubations was transferred into incubations with BES. The overall low 
relative abundance of methanogenic archaea and the absence of methane in the 
primary enrichment culture and all later enrichment cultures is consistent with the 
known function of BES as an inhibitor of methanogenesis. 
It is noteworthy that in the original incubation with benzoate and BES the 
concentration of benzoate declined from 10 mM to 1.5 mM in 103 days and 276 mol 
of methane was detected (Figure 4.2 A). Acetate was also detected at an average 
concentration of 15.3 mM ( = 2.6) in the original incubation measured on its final 
day. 
Community composition analysis showed the relative abundance of archaea to be 
10% ( = 6%) in the original incubations. The high standard deviation of the average 
archaeal relative abundance in the original incubations reflects the presence of 
higher relative abundance of Methanofollis in two of the triplicated microcosms. 
The original incubations with BES contain a greater diversity of microorganisms than 
subsequent subcultures (Figure 4.7 B). They also contain a greater abundance of 
sulphate reducers than later incubations (Figure 4.8 B). It is conjectured that 
Syntrophus degrades benzoate gradually over the course of the experiment due to 
the sulphate reducers removing H2, CO2 and acetate, using them as electron donors 
and the sulphonate group from BES as an electron acceptor (Figure 4.16, numbers 1 
and 2). Metabolism by sulphate reducing bacteria of sulphonate from sulphonic acids 
has been described previously (Lie et al., 1999). The sulphonate group was used as 
a terminal electron acceptor. A study by Ye et al. (1999) described effects of BES, 
sulphate, and molybdate on dechlorination of polychlorinated biphenyls (PCBs) using 
pasteurised cultures inoculated with sediment from the Hudson River, NY. The 
authors described an accumulation of sulphide in the incubations with BES. They 
concluded that the sulphonic moiety of BES was reduced to sulphide. 
The reduction of the sulphonate group from BES in the original incubation with 
benzoate would have caused a decrease in the concentration of BES, making it 
possible for the methanogens (Methanofollis) to grow and metabolise H2 and CO2, 
yielding the observed 276 mol of methane (Figure 4.2 A, Figure 4.7 B and Figure 




Figure 4.16 Hypothesised community activity in the original incubations with BES. 
The data show that the original enrichment contained syntrophs, sulphate reducers 
and methanogens. (1) Syntrophs degrade benzoate into H2, CO2 and acetate. An 
accretion of these products inhibits the action of the syntrophs. (2) Sulphate reducers 
use H2, CO2 and acetate as electron donors and use BES as an electron acceptor, 
thereby reducing its concentration. (3) At low concentrations of BES, methanogens 
become active and convert the H2 and CO2 into methane. 
4.4.5 Participation by Desulfomicrobium in the metabolism of benzoate by 
reducing BES 
Desulfomicrobium and other sulphate reducers were almost absent from the 
methanogenic cultures (Figure 4.8 B) However, Desulfomicrobium and Syntrophus 
became enriched under non-methanogenic conditions, becoming the two most 
abundant microorganisms. 
Analysis of the community compositions suggested a relationship in the BES controls 
between the syntrophic benzoate degrader Syntrophus and the sulphate reducer 
Desulfomicrobium. It is suggested that the form of the relationship may be a 
metabolic dependency. The products of benzoate degradation by Syntrophus in 
incubations with BES are H2, CO2 and acetate. All three products could be utilised 
further by sulphate reducing organisms. Desulfomicrobium is hypothesised to utilise 
hydrogen in these enrichments. 
Desulfomicrobium is a member of order Desulfovibrionales. Members of that order 
have been reported to use BES as an electron acceptor in enrichments containing 
H2, acetate or formate. In a study by Ettwig, Desulfovibrio-like organisms became 
enriched in a sulphate free medium containing BES and acetate. 16S rRNA gene 
clone libraries were analysed and the microorganisms were identified as members of 
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genus Desulfovibrio. Ettwig hypothesised that these Desulfovibrio could have used 
H2 as an electron donor, acetate as a source of carbon and the sulphonate group 
from BES as an electron acceptor, finally producing CO2 and H2S (Ettwig, 2006). 
In the present study, enrichment of taxa belonging to order Desulfovibrionales was 
noted in the control incubations containing BES. These taxa include 
Desulfomicrobium in high relative abundance (44% of reads in 16S rRNA gene tag 
libraries) and Desulfovibrio, which was present at much lower abundance (3%). Thus 
Desulfomicrobium was investigated further. 
Desulfomicrobium is an incomplete oxidising sulphate reducer. Members of this 
genus can use H2 as electron donor during sulphate reduction (Kuever and 
Galushko, 2014). Hydrogen generated by benzoate degradation could potentially be 
used by Desulfomicrobium as an electron donor and the sulphonate group present in 
BES as an electron acceptor to produce CO2 and H2S as final products. H2S was not 
measured, but its characteristic smell was noticed during sampling of the 
microcosms, suggesting it was produced in these incubations, despite the lack of 
sulphate. It is possible that Desulfomicrobium utilised the H2 to a limited extent, 
producing HS–. In the primary enrichment 18% (1.97 mM) of the available benzoate 
was degraded. It was calculated that 1.48 mM H2 was produced, which in turn could 
have been converted to 0.493 mM HS–. In the final incubation 12% (1.23 mM) of the 
available benzoate was degraded, and it was calculated that 0.923 mM H2 was 
produced, which could have been converted to 0.308 mM HS–. The calculations were 
based on the stoichiometry of Equation 4.2 and Equation 4.3. 
Equation 4.3: 3H2 + SO3
2- + H+  HS- + 3H2O 
It is suggested that, since members of Desulfomicrobium do not oxidise acetate, the 
acetate accumulated, inhibiting Syntrophus. This could account for the incomplete 
degradation of benzoate in these enrichments and the lower relative abundance of 
Syntrophus. 
The reason for the enrichment of Desulfomicrobium in cultures with BES was 
investigated by metagenomic analysis focusing on benzoate degradation and 
sulphate reduction pathways. No pathway for benzoate degradation was found. The 
genes dch, had and oah, which encode enzymes that are part of the benzoate 
degradation pathway and were previously found in Syntrophus, were not found in 
Desulfomicrobium. However, genes known to take part in dissimilatory sulphate 
reduction sat, aprA, aprB, dsrA, dsrB and cysH were found in Desulfomicrobium 
(Figure 4.13). The presence of genes required for sulphate reduction and the known 
ability of Desulfomicrobium to utilise H2 suggested that potentially this bacterium 
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could consume H2 as an electron donor to metabolise a sulphonate group in the 
BES. 
In the enrichments discussed in this chapter, sulphate reducers seem to have played 
no part in the degradation of benzoate under methanogenic conditions. Further 
investigation would be required to establish the nature of metabolic interactions 
between Desulfomicrobium and Syntrophus in the BES incubations. 
4.5 Conclusion 
This chapter considered the growth of microorganisms, originally present in a sample 
of sediment collected from a highly polluted stretch of the River Tyne, in enrichments 
containing benzoate, which is an important intermediate metabolite in the 
degradation of hydrocarbons and other monoaromatic compounds found in the 
environment. Metagenomic analysis of the enrichment cultures with benzoate 
identified a pathway for benzoate degradation whereby benzoate was degraded 
through a succession of intermediate steps to hydrogen, carbon dioxide and acetate. 
It was shown that syntrophic degradation was mediated by the syntrophic benzoate-
oxidising bacteria (SBOB) Syntrophus, most likely Syntrophus aciditrophicus as was 
suggested by 99% sequence identity. There was no observed enrichment of 
Smithella suggesting that it is not an intermediary in syntrophic degradation of 
benzoate, though it may take part in the degradation of alkanes. 
Syntrophic acetate oxidation did not seem to take place in the degradation of 
benzoate as syntrophic acetate oxidisers (e.g. Syntrophomonas) were not found in 
abundance in cultures with benzoate. Instead the conversion of acetate into 
hydrogen and carbon dioxide appeared to be mediated by acetoclastic 
methanogenesis, which utilised acetate directly. Two types of methanogenesis were 
observed which utilised the end products of benzoate degradation. Hydrogenotrophic 
methanogenesis was supplemented by acetoclastic methanogenesis where 
Methanosarcina and Methanocorpusculum were enriched in the early stages of the 
experiment. In the later stages, Methanosaeta and Methanofollis seemed to have 
outcompeted the previous methanogens. It is noteworthy that metagenomic analysis 
of Methanosarcina identified genes used in the hydrogenotrophic and acetoclastic 
methanogenesis. Comparative 16S rRNA sequences analysis of Methanosarcina 
showed a 99% identity to Methanosarcina lacustris and Methanosarcina 
subterranean, which do not utilise acetate, suggesting that at the beginning of the 
experiment, Methanosarcina could have participated in hydrogenotrophic 
methanogenesis. 
In later stages of the experiment Methanofollis largely replaced Methanocorpusculum 
in performing hydrogenotrophic methanogenesis, and acetoclastic methanogen 
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Methanosarcina was largely replaced by Methanosaeta, possibly Methanosaeta 
harundinacea and Methanosaeta concilii, as has been indicated by the sequence 
identity of 98% and 99% respectively. 
When the enrichments contained BES, methanogenesis was inhibited and a different 
relationship was observed, which could be a mutual metabolic dependency. It is 
suggested that sulphate reducing microorganisms, chiefly Desulfomicrobium, 
appeared to use hydrogen as an electron donor and the sulfonate group in BES as 
an electron acceptor. Desulfomicrobium does not utilise acetate and, according to the 
metagenomic analysis, nor does it utilise benzoate. It is speculated that acetate 
accumulates in the culture. The accumulation of acetate inhibits Syntrophus so that it 
degrades only a limited amount of benzoate. 
Syntrophus spp have been found in many environments, suggesting their global 
importance. Degradation of benzoate by members of this species could indicate that, 
in environments containing or contaminated by hydrocarbons and other 
monoaromatic compounds, these organisms play an important role in the syntrophic 
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Chapter 5.  Characterisation of syntrophic benzoate and crude oil 
degrading consortia from oil sands and Tyne sediment 
enrichment cultures 
5.1 Introduction 
Syntrophic biodegradation is an important process in the breakdown of organic 
matter, hydrocarbons and other aromatic compounds with methane as a final 
product. 
Syntrophic biodegradation has a detrimental effect on the quality of oil resources. 
The quantitative importance of syntrophy is illustrated by the existence of heavy oil, 
extra heavy oil and bitumen deposits, which comprise about 70% of the world’s oil 
resources (McInerney et al., 2009). Research has demonstrated that these deposits 
were formed after syntrophic methanogenic consortia metabolised the lighter alkane 
and aromatic fractions (Head et al., 2003; Aitken et al., 2004; Jones et al., 2008). 
Over 36% of Canadian oil production has been reported by Head et al. (2003) to be 
derived from oil sands resources. One of largest deposits of oil sands, containing 
around 174 billion barrels of reserves, is found in Alberta, in the western part of 
Canada. Oil sands deposits are located in three areas: Peace River, Athabasca and 
Cold Lake covering 140,200 km2 (Alberta Government, 1995-2017). The largest of 
the three areas is Athabasca, where the oil sands cover an area of 100,000 km2 in 
the north-eastern part of Alberta. Extraction of oil sands bitumen from the Athabasca 
oil sands accounts for 20% of oil production in Canada, which represents an 
estimated 1.7 to 2.5 trillion barrels of bitumen (Holowenko et al., 2000; Fedorak et al., 
2002). 
Oils sands comprise a mixture of sand, clay, water and bitumen. Bitumen is a very 
heavily biodegraded crude oil. Crude oil from these reserves is either extracted by 
injecting steam into the oil sands to heat the oil, reducing its viscosity, or by mining 
deposits near the surface (Head et al., 2003). Mining and processing of crude oil 
from the oil sands is difficult and not cost effective. Alternative methods of extracting 
oil are required. Methanogenesis is a possibility due to the potential importance of 
this process in oil reservoirs and production of methane gas as an alternative energy 
source. Stimulation of methanogenesis in oil reservoirs containing heavy oil deposits 
is of particular interest due to the arising possibilities of converting high molecular 
weight hydrocarbons into useful components of natural gas. 
With this in mind, experiments using oil sands as inoculum under methanogenic 
conditions with benzoate, which is a known intermediate in the biodegradation of 
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hydrocarbon and monoaromatic compounds, could help in establishing some of the 
metabolic processes that might take place and identifying the organisms involved 
during the biogenic degradation of heavy crude oil deposits. 
Hydrocarbon and crude oil degradation have been previously described under 
sulphate reducing conditions (Gieg et al., 2010; Mbadinga et al., 2011; Sherry et al., 
2012). Sulphate reducing microorganisms degrade hydrocarbons in the presence of 
sulphate, which is used as an electron acceptor in their energy metabolism. Sulphate 
reducers have been shown to degrade n-alkanes to CO2 completely under anaerobic 
conditions (Rueter et al., 1994; Caldwell et al., 1998; Townsend et al., 2003; 
Davidova et al., 2006). Aromatic hydrocarbon degradation by sulphate reducers has 
also been demonstrated (Galushko et al., 1999; Morasch et al., 2004; Selesi and 
Meckenstock, 2009). Sulphate reducing organisms are known for their metabolic 
versatility and in the absence of sulphate they can grow syntrophically with 
methanogens or other microorganisms capable of hydrogen utilisation (Plugge et al., 
2011). 
Desulfotomaculum spp are sulphate reducing bacteria but in the absence of sulphate 
they have been found to grow acetogenically on various substrates, for example, 
propionate, ethanol, butyrate and benzoate. A study by Ficker et al. (1999) has 
identified a member related to Desulfotomaculum spp in a methanogenic toluene 
degrading culture which could be a potential benzoate degrader. Benzoate has been 
shown previously to be an early intermediate during degradation of toluene by the 
consortium of microorganisms (Edwards et al., 1994). 
Benzoate has been detected in a tar-oil-contaminated aquifer at a concentration of 
3 g/litre and in groundwater contaminated by petroleum at 6.5 mg/litre (Gieg and 
Suflita, 2005). 
In the absence of sulphate or when sulphate is depleted, primary hydrocarbon 
degraders break down complex hydrocarbons into fatty acid and aromatic 
compounds. Fatty acids are further utilised by fatty acid oxidisers producing H2, CO2, 
formate and acetate as the end products of degradation. Aromatic compounds are 
converted to benzoyl-CoA which is metabolised further by syntrophic consortia to H2, 
CO2, formate and acetate (Schink and Stams, 2006; McInerney et al., 2009). The end 
products of fatty acid oxidation and aromatic compound degradation are further used 
in methanogenesis which plays a vital role as a terminal electron-accepting process 
in the degradation of crude oil hydrocarbons. 
Members of Syntrophomonadaceae family have been shown to degrade fatty acids 
ranging between four and 18 carbon atoms under anaerobic conditions through the 
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-oxidation pathway. Genes known to take part in -oxidation, namely acyl-CoA 
dehydrogenase, enoyl-CoA dehydrogenase, and acetyl-CoA acetyltransferase 
(thiolase), have been identified in the sequenced genomes of Syntrophomonas 
wolfei.(Sieber et al., 2010b). Microorganisms known to degrade fatty acids include 
Syntrophomonas wolfei (McInerney et al., 1981), Syntrophomonas zehnderi (Sousa 
et al., 2007), Syntrophomonas sapovorans (Roy et al., 1986), Syntrophomonas 
curvata (Zhang et al., 2004). Fatty acids have been previously identified in crude oil 
reservoirs and other hydrocarbon impacted environments (Magot et al., 2000). The 
presence of Syntrophomonadaceae and the identification of fatty acids in the 
environments exposed to hydrocarbons suggests that these microorganisms could 
function as fatty acid degraders in those environments. 
Acetoclastic methanogenesis has been shown to be an important methane producing 
process in environments containing crude oil or impacted by it (Head et al., 2003; 
Struchtemeyer et al., 2005; Gieg et al., 2008). Only two genera of methanogenic 
archaea are known to be able to utilise acetate: Methanosarcina spp and 
Methanosaeta spp. Methanosarcina has been studied extensively for its ability to 
thrive in many diverse environments including fresh water and marine environments, 
soil, decaying leaves, sewage and oil wells (Galagan, 2002). Species of 
Methanosarcina can utilise nine substrates including acetate, H2, CO2 and 
compounds containing a methyl group (methylamines, methanol, or methyl 
sulphides) using all three known pathways of methanogenesis (Galagan et al., 2002). 
Anaerobic degradation of benzoate to methane requires close cooperation between 
metabolically diverse types of microorganism. The overall process of biodegradation 
is thermodynamically possible only when methanogenic precursors such as 
hydrogen, formate and acetate are removed completely or kept at very low 
concentrations by methanogenic archaea or sulphidogens. 
Previous studies to date focused on isolating enzymes involved in the degradation of 
aromatic hydrocarbons through benzoyl-CoA, an intermediate. A notable example is 
the investigation of the monoculture of denitrifying bacteria Thauera aromatica where 
a key enzyme, benzoyl-coenzyme A reductase, responsible for the dearomatisation 
of benzoyl-CoA was isolated, purified and studied for the first time (Boll and Fuchs, 
1995). The genome of the model syntrophic fatty acid and benzoate degrader 
Syntrophus aciditrophicus has been sequenced to gain a deeper understanding of 
the composition and architecture of the electron transfer and energy-transducing 
systems in the low energy syntrophic lifestyle (Mouttaki et al., 2007). 
Syntrophic metabolisms and the organisms involved have been extensively studied, 
yet functional diversity and community structure involved in syntrophic metabolism in 
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different environments are not fully understood. This chapter describes a study of a 
complex microbial community enriched with benzoate under methanogenic 
conditions, using as inoculum 3051 day enrichment containing Athabasca oil sands. 
The inoculum was taken from cultures maintained after a previous experiment, which 
was described by (Hubert et al., 2012). Some of the cultures had been maintained 
under methanogenic conditions (initial methanogenic, abbreviated in this study to 
IntMG), while others had been maintained under sulphate reducing conditions (initial 
sulphate reducing, abbreviated to IntSR), although at a later date those cultures had 
been observed to produce methane and not to reduce sulphate. 
Of interest in this thesis is the potential of these enrichments to degrade benzoate 
syntrophically under methanogenic conditions. Benzoate is used as a carbon and 
energy source. 
The following hypotheses are investigated in this chapter: 
i. Syntrophic hydrocarbon-oxidising bacteria (SHOB) can be cultivated from 
crude oil reservoir samples, 
ii. Syntrophic oxidation to benzoate, and from that to acetate, H2 and CO2, is a 
central reaction in the degradation of crude oil into methane as a final product 
in crude oil reservoirs, and a large proportion of the acetate is oxidised to H2 
and CO2 by syntrophic acetate oxidation (SAO), 
iii. Smithella and Syntrophus spp are intermediaries of syntrophic benzoate 
oxidation (SHO) or syntrophic acetate oxidation (SAO) in low temperature 
biodegraded crude oil reservoirs, 
iv. Sulphate reducers play an important role in the syntrophic partnership during 
benzoate degradation under methanogenic conditions. 
5.2 Materials and methods 
5.2.1 Samples used 
Benzoate and crude oil degrading, methanogenic enrichment cultures were prepared 
under anoxic conditions in 120 ml crimp-sealed serum bottles. Tyne sediment and 
3051 day oil sands enrichment cultures were used as inoculum in both experiments. 
Two types of crude oil as energy sources were used in the cultures: heavily 
biodegraded crude oil (PM3) and light undegraded North Sea crude oil (PM0). 
Appendix Q contains the analysis of the n-alkane fraction carried out on PM0 and 
PM3 crude oils using GC-MS. The results of the analyses were provided by Dr 
Carolyn Aitken and Prof Ian Head, both of Newcastle University. A full description of 
the origin and preparation of the inoculum can be found in Materials and Methods, 
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subsections 2.2.1 and 2.2.2, for Tyne sediment and subsections 2.3.2 and 2.4.2 for 
oil sands. Each experimental group was made up of three triplicate microcosms.  
Two sets of cultures were set up. In one set, 4.5 ml of inoculum from oil sands 
enrichments, remaining from the work of Hubert et al. (2012), was transferred. 10 mM 
benzoate was added to some of the cultures and 200 mg crude oil to the others. In 
the second set of cultures, 10 ml Tyne sediment was used with crude oil. The 
cultures were set up using reduced, sulphate free, bicarbonate CO2 buffered, mineral 
salts fresh water medium with vitamins and trace minerals (subsections 2.4.5 and 
2.4.6). 10 mM BES was added to half the cultures of each type as a control. 
5.2.2 Sample analysis 
Chemical analysis of all the enrichment cultures with Tyne sediment or oil sands 
containing crude oil included headspace methane measurements using GC-FID 
(Materials and methods, subsection 2.6.1).  
Chemical analysis of all the enrichment cultures with oil sands and benzoate included 
headspace methane measurements using GC-FID (Materials and methods, 
subsection 2.6.1) and measurements of benzoate concentrations using a 
spectrophotometric method (Materials and methods, subsection 2.6.2). 
5.2.3 DNA extraction and library preparation 
Genomic DNA was extracted from 1 ml of the final time point samples of oil sands 
incubations with benzoate using a PowerSoil DNA Extraction Kit (MO BIO, Calsbad, 
CA, USA) with MP FastPrep-24 Ribolyser after some modification (subsection 2.7.1). 
5.2.4 Amplification of 16S rRNA genes and library preparation for Illumina 
MiSeq sequencing 
DNA extracted from the oil sands incubations with benzoate was used to amplify 
archaeal and bacterial 16S rRNA genes using universal primers F515 
(5’GTGNCAGCMGCCGCGGTAA-3’) and R926 (5’CCGYCAATTYMTTTRAGTTT-3’) 
(Quince et al., 2011) targeting the V4-V5 region of the 16S rRNA gene (subsection 
2.9.1). 16S rRNA gene amplicons were prepared for sequencing according to the 
manufacturer’s instructions for the Illumina MiSeq (subsections 2.9.9). Illumina MiSeq 
sequencing was conducted in the Shell Technology Centre, Houston, Texas, USA. 
5.2.5 Analysis of 16S rRNA gene sequence libraries 
QIIME version 1.9 was used for the sequences analysis. FASTQ files generated by 
the Illumina MiSeq were quality filtered and trimmed using Sickle (Joshi and Fass, 
2011). Reads that had an average quality score below 20 and were less than 180bp 
were removed. The filtered output FASTQ files of forward and reverse reads 
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generated by Sickle were paired and joined using QIIME. FASTQ files were 
converted to FASTA files. FASTA files from multiple samples were combined into a 
single FASTA file. The sample name format was converted to a QIIME compatible 
format and a new mapping file was generated using a PERL script (Appendix C, 
sections 1 to 4). 
Sequences were clustered into operational taxonomic units (OTUs) using BLAST 
(Altschul et al., 1997). The open reference OTU clustering method was followed, with 
release 119 of the SILVA database as reference database and a 97% similarity 
threshold. The SILVA database was also used for taxonomic assignment (subsection 
2.9.10). 
5.2.6 Metagenomic library preparation 
DNA extracted from the oil sands IntMG benzoate enrichments was used to prepare 
the metagenomic library with the Nextera XT DNA library preparation kit, by Illumina. 
A full description of the process of library preparation may be found in sections 2.10.2 
to 2.10.4. The Illumina ‘MiSeq System, Denature and Dilute Library Guide’ was 
followed to pool the library and MiSeq kit V3 was used for sequencing on Illumina 
MiSeq. Further details are given in section 2.10.5. 
5.2.7 Metagenomic data analysis 
A full description of the process of metagenomic analysis may be found in Materials 
and Methods, section 2.10.6. 
FASTQ files generated by the Illumina sequencer were quality filtered and trimmed 
using Sickle. Reads that had an average quality below 20 and were less than 100bp 
were filtered out. Quality filtered sequences were assembled twice using De Bruijn 
graph assemblers (Compeau et al., 2011), IDBA_UD and Megahit assemblers (Li et 
al., 2014; Li et al., 2015). Reads that did not assemble were aligned against the first 
assembly and the alignment was repeated for the second assembly using the BBmap 
aligner (Bushnell, 2014  Marić, 2015). 
Assembled contigs by IDBA_UD and Megahit, along with the remaining unassembled 
reads, were concatenated into a single FASTA file and submitted to IMG.JGI for 
gene annotation and comparative analysis (Markowitz et al., 2012). 
Unassembled reads were also submitted to MG-RAST where quality filtering, 
annotation and comparative analysis were performed (Meyer et al., 2008; Wilke et 
al., 2016). 
To compare the abundances of genes required for methanogenesis and syntrophic 
benzoate degradation present in the most highly enriched microorganisms under 
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different treatments, the abundances of the genes that are known to perform a role in 
those processes were obtained from MG-RAST after annotation using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and Clusters of Orthologous Groups 
of proteins (COG) databases (Tatusov et al., 1997; Kanehisa et al., 2012). The raw 
abundance data is biased by the different sizes of the metagenomes. To remove the 
bias, the number of participating genes was expressed as the ratio of the abundance 
of participating genes to the abundance of the “housekeeping” gene dnaK, which was 
chosen as baseline because its relative abundance was most nearly constant in the 
samples (Section 2.10.6). A large ratio would indicate an increased number of genes 
involved in methanogenic benzoate degradation. This is similar to the technique used 
by (Ishii et al., 2015). 
Full benzoate degradation pathways and pathways for methanogenesis were found 
in three samples of the final time point after analysis in IMG.JGI using the KEGG 
database. 
5.2.8 Phylogenetic analysis and sequence alignment 
Sequences of the most abundant Syntrophomonas OTUs were aligned using 
BLASTN 2.6 with the default parameters (Altschul et al., 1990; NCBI, 1990). 
Phylogenetic trees were constructed for the OTUs identified in QIIME as 
Methanosarcina and Desulfotomaculum. 
After QIIME analysis, sequences were uploaded to the Ribosomal Database Project 
(RDP) to determine the relatives of the dominant phylotypes using the ‘Sequence 
Match’ option in RDP (Cole et al., 2009). The S_ab score was used to determine the 
closest relatives for use in generating the phylogenetic tree (subsection 2.11.3). 
Molecular Evolutionary Genetics Analysis (MEGA) version 7 was used to show the 
relationships between sequences in the form of a tree (Kumar et al., 2016). 
Sequences were uploaded to MEGA and aligned with its MUSCLE option using the 
default parameters. After alignment, the sequences were trimmed. The maximum 
likelihood tree was constructed after the estimation of the best evolutionary model. 
Bootstrap resampling was performed with 2000 replicates in MEGA. 
5.2.9 Microscopic analysis 
Samples from the fourth enrichment were diluted 100 in 1 ml sterile 1 PBS solution 
and stained with SYBR Gold stain. The samples were put onto a membrane, 
washed and placed onto a microscope slide. The slides were examined and 
photographed at 100 magnification using the Nikon Eclipse Ci optical microscope. 
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The full details of the procedure for microscopy are given in Materials and Methods, 
section 2.13.  
5.2.10 Statistical analysis 
All statistical analysis was carried out using R version 3.2.2. A detailed description of 
the statistical methods can be found in Materials and Methods, section 2.12. 
Nonmetric multidimensional scaling (NMDS) calculation and plot were used to create 
a spatial analogue of the similarities and differences between the microorganisms 
sustained by different cultures. Similarity was measured using the Bray-Curtis 
similarity metric. Samples of widely different sizes were coerced into comparable 
samples using the rarefaction algorithm. 
Permutational multivariate analysis of variance was used to attribute the differences 
between the community compositions observed in the NMDS plot to treatment, 
environment and differences between groups. 
Throughout this chapter a probability of 0.05 is used as the threshold of statistical 
significance. 
5.3 Results 
Methanogenesis was monitored in the incubations with crude oil and benzoate as 
quantitative indicators of anaerobic microbial metabolism. Degradation of crude oil 
was monitored over a period of 600 to 800 days to establish whether the microbial 
communities present in the Tyne sediment and oil sands had the potential to degrade 
crude oil under methanogenic conditions. Further investigation included monitoring of 
benzoate degradation by methanogenic benzoate-degrading enrichment cultures 
from oil sands inoculum. The oil sands inoculum was treated as a basis for 
comparison throughout this study and is referred to in the text either as IntSR T0 or 
IntMG T0. The composition and dynamics of the microbial communities in the oil 
sands enrichment cultures with benzoate were investigated using 16S rRNA 




5.3.1 Crude oil biodegradation 
The time course of cumulative methanogenesis in the incubations with Tyne 
sediment and oil sands enrichments used as inoculum is shown in Figure 5.1. In the 
BES amended controls no methane production was observed regardless of the 
inoculum used. North Sea light crude oil stimulated methanogenesis in the 
enrichments containing Tyne sediment as inoculum, indicating that the anaerobic 
microorganisms could use constituents of the light North Sea crude oil as electron 
donors. There was a 62 day lag period in the incubations with North Sea crude oil 
during which the rate of methanogenesis in methanogenic incubations was close to 
the control incubations containing BES as methanogenic inhibitor (0.008 mol/day 
and 0.031 mol/day respectively). The rate of methanogenesis increased steadily by 
a factor of 200 after the lag phase to the final day of measurement, ranging from 
0.008 to 1.81 mol/day. 
The amount of methane detected in heavily biodegraded crude oil incubations 
reached a maximum of 273.6 mol on day 642, which dropped slightly to 211.3 mol 
on day 785, which was the final day of measurement. 
No methane production was detected in the incubations with oil sands enrichments 






Figure 5.1 Methane production (A) in enrichments containing Tyne sediment (TS) 
inoculum and (B) in enrichments containing oil sands inoculum, initially sulphate 
reducing (IntSR) and initially methanogenic (IntMG), from two types of crude oil: 
North Sea undegraded crude oil PM0 and heavily biodegraded crude oil PM3. Error 
bars represent a standard deviation of the mean of the triplicate incubations. 
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5.3.2 Methanogenic benzoate degradation 
Methane production and benzoate degradation were measured over time in the 
initially sulphate reducing incubations (IntSR) and initially methanogenic incubations 
(IntMG) with benzoate (Figure 5.2 A and B). Benzoate degradation was observed 
concomitantly with accumulation of methane. Control incubations containing the BES 
methanogenesis inhibitor showed very low levels of methane accumulation. Both 
incubations had a lag phase of about 270 days. The rate of methanogenesis in the 
IntSR incubation (7.030 mol/day) was half that of IntMG incubations 
(13.03 mol/day) giving a rate of benzoate degradation of 1.54  10-4 mM/hr/ml in the 
IntSR incubation and 2.41  10-4 mM/hr/ml in the IntMG incubations. The calculation 
of these rates excludes the lag phase. 
Methanogenic degradation of 1 mol of benzoate generates 3.75 mol of methane 
(Equation 4.1). 
Equation 5.1: 4C6H5COO
- + 4H+ + 18H2O  15CH4 + 13CO2 
Both IntSR and IntMG incubations yielded methane amounts close to the 
stoichiometrically derived methane amount. It is of note that IntSR yielded less 
methane, 2665 mol, than IntMG, 3333 mol, and benzoate was not degraded fully 
by IntSR, which left 1.5 mM undegraded.  
In the BES controls benzoate degradation was also observed. The concentration of 
benzoate dropped from an initial concentration of 10 mM to 7.6 mM in the IntSR and 





Figure 5.2 Benzoate and methane accumulation in the initially sulphate reducing, 
(IntSR, A) and initially methanogenic, (IntMG, B) incubations. The experimental 
group is indicated by the colour of the markers. Benzoate concentration is indicated 
by light blue (BES) or dark blue markers (methanogenic). Methane concentration is 
indicated by dark red (BES) and orange markers (methanogenic). Error bars 
represent a standard deviation of the mean of the triplicate incubations. 
5.3.3 Microscopic analysis of methanogenic benzoate-degrading cultures 
In enrichment cultures showing benzoate degradation and accumulation of methane, 
aggregates were visible to the naked eye (Figure 5.3 A). In the enrichments with BES 




Figure 5.3 Microcosms containing methanogenic benzoate-degrading oil sands 
enrichment cultures. Aggregates appear as black and dark brown flocs. (A) 
Methanogenic enrichment. (B) Enrichment with BES. 
Microscopic analysis showed the presence in the enrichments of a morphologically 
diverse and complex microbial community (Figure 5.4). Clusters of cells 
morphologically similar to Methanosarcina were observed in all the micrographs. 
Putative Methanosarcina clusters were identified in 83% of 18 randomly chosen 
fields of view. The enrichments contained high numbers of rod-shaped organisms 







Figure 5.4 Morphology of microorganisms present in the enrichment with benzoate 
under methanogenic conditions. Microorganisms were stained with SYBR gold 




5.3.4 -diversity analysis of oil sands inocula and syntrophic benzoate 
degrading enrichments 
An analysis of community structure using -diversity analysis on the 16S rRNA data 
showed clear clustering of triplicated samples and separation between experimental 
treatments. Treatments with and without BES are separated along the Methane axis. 
Oil sands inocula, denoted by T0, appear low on the Methane axis. There is also 
separation on both axes between the oil sands inocula and oil sands enrichments 
with benzoate (Figure 4.5). Permutational Multivariate Analysis of Variance showed 
that the most significant variation between the samples is due to enrichment, i.e. the 
presence or absence of benzoate (F = 18.4, p < 0.001). This appears along the 
Methane axis, approximating to the NMDS1 axis. The analysis also showed a large 
difference between treatments, i.e. presence or absence of BES (F = 7.61, 
p < 0.001). This variation appeared along axis NMDS2. Variation between groups of 
triplicate samples is less significant (F = 3.31, p < 0.05). There are no significant 
interaction effects. 
 
Figure 5.5 NMDS analysis showing the clustering of triplicate samples along two 
orthogonal axes using rarefied data to the smallest sample size, 13,685. The analysis 
shows that samples are distributed upon two chief, nearly orthogonal axes, here 
drawn in blue, one indicating the extent of methane production and the other 
benzoate degradation. The direction of the Benzoate arrowhead indicates the 
amount of benzoate remaining after degradation. IntSR = initially sulphate reducing 
IntMG = initially methanogenic. 
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5.3.5 Development and composition of syntrophic benzoate biodegrading 
communities and determination of the key syntrophic members 
The development of syntrophic benzoate-degrading, methanogenic communities was 
followed from the communities present in the initial inocula and the subcultures with 
benzoate derived from it. There was a marked difference between the community 
composition of the T0 samples and the enrichments with benzoate. However, a clear 
enrichment of specific taxa in the IntSR incubations and the IntMG incubations was 
also observed (Figure 5.6). The community composition profile of the most abundant 
taxa, as determined by 16S rRNA amplicon sequencing, shows the predominant taxa 
to be methanogens, primarily Methanosarcina and Methanobacterium, and 
microorganisms hypothesised to be involved in syntrophic biodegradation of 
benzoate e.g. Desulfotomaculum, Syntrophomonas and WCHB1.69. 
The putative syntrophic benzoate degraders in IntSR and IntMG under methanogenic 
conditions were Desulfotomaculum Syntrophomonas and WCHB1.69 spp. whereas 
the methanogenic partners encompassed hydrogenotrophic and acetoclastic 
methanogens (Methanosarcina, Methanobacterium, Figure 5.6 A and B). 
In the BES controls, methanogens were largely absent. There was however an 
enrichment of sulphate reducing bacteria Desulfotomaculum, Desulfovibrio and 
Desulfomicrobium. An enrichment of Syntrophomonas and WCHB1.69 was also 
observed. 
The community composition profile also shows a presence of Spirochaetes, 
Synergestaceae, Acholeplasma, in the IntSR BES controls Bacteroidetes BD2.2 and 
in the IntMG BES enrichments Proteiniphilum. The community members 
hypothesised to be involved in the biodegradation of benzoate were further examined 
(Figure 5.7). 
The relative abundance of acetoclastic methanogen Methanosarcina was noticeably 
higher in both IntSR and IntMG samples in comparison to the T0 inoculum. In the 
IntSR the relative percentage abundance increased from 1.9% to 15% and in the 
IntMG enrichments the relative abundance rose from 2.6% to 15%. A smaller 
enrichment of hydrogenotrophic methanogen Methanobacterium was observed. In 
the IntSR enrichments it increased from 0.019% to 1.8% and in the IntMG it rose 
from 0.048% to 4.9% (Figure 5.7 A). 
Methanobacterium was also enriched in the BES controls in both IntSR (2.1%) and 
IntMG (2.9%). Methanocorpusculum was observed at high abundance (2.6%) only in 
the IntMG inoculum. 
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A high abundance of Desulfomicrobium, Desulfovibrio and Smithella was observed in 
the T0 inoculum for both IntSR (38%, 5%, 6% respectively) and IntMG (23%, 7%, 
4%). These bacteria did not enrich under methanogenic conditions with benzoate. In 
contrast Desulfotomaculum, unclassified Sphingobacteriales clone WCHB1.69 and 
Syntrophomonas increased in relative abundance in both IntSR (Desulfotomaculum 
from 0.2% to 12%, WCHB1.69 from 0.4% to 9%, Syntrophomonas from 0.003% to 
11% and IntMG (Desulfotomaculum from 0.3% to 14%, WCHB1.69 from 1.3% to 
16%, Syntrophomonas from 0.002% to 11%, Figure 5.7 B). 
In BES controls, the sulphate reducer Desulfotomaculum, came to dominate the 
bacterial community in IntSR (23%) and IntMG (32%). It is of note that 
Desulfomicrobium and Desulfovibrio, both sulphate reducers with high relative 
abundance in T0 inoculum, were also abundant in the BES incubations in both IntSR 
and IntMG. The abundances of Desulfomicrobium were 12% and 19% respectively, 
and the abundances of Desulfovibrio were 4% and 5%. WCHB1.69 remained 









Figure 5.6 Community composition of oil sands enrichments with benzoate and oil 
sands inoculum (A) Initially sulphate reducing (IntSR) communities and (B) initial 
methanogenic (IntMG) communities, showing the most abundant 1% of taxa. Red 





Figure 5.7 Percentage relative abundance of (A) methanogens involved in syntrophic 
benzoate degradation and (B) sulphate reducers and presumed syntrophic benzoate 
degraders in oil sands. 
5.3.6 Phylogenetic analysis of the key syntrophic benzoate degraders 
Alignment was performed of the 16S rRNA gene sequences to establish whether 
these microorganisms were closely related to microorganisms previously identified in 
syntrophic degrading cocultures with benzoate or in cultures shown to degrade other 
monoaromatic compounds. The sequences belonged to the most abundant 1% 
phylotypes identified in QIIME as Methanosarcina, Desulfotomaculum and 
Syntrophomonas found in both IntSR and IntMG. 
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Sequences from methanogenic incubations of the most abundant Methanosarcina 
phylotype including the sequence from T0 inoculum were closely related to each 
other and showed 99% identity to two representatives of the genus Methanosarcina, 
Methanosarcina subterranea strain HC-2, an isolate from a ground water sample 
collected from the Wakkanai formation of Miocene diatomaceous shale in 
northernmost Japan, and Methanosarcina lacustris strain ZS, an isolate from an 
anoxic lake sediment in Switzerland. These archaeal members are unable to utilise 
acetate (Simankova et al., 2001; Shimizu et al., 2015). These sequences were also 
99% identical to a Methanosarcina sp. strain MO-MS1 cultivated from subseafloor 
sediments (Imachi et al., 2011). 
 
Figure 5.8 Molecular phylogenetic analysis by the Maximum Likelihood method 
based on the Kimura 2-parameter model (Kimura, 1980). A phylogenetic tree is 
rooted to Methanoculleus uncultured archaeon. Branches highlighted in red 
represent the most abundant Methanosarcina OTUs in initially sulphate reducing 
(IntSR) and initially methanogenic (IntMG) incubations with benzoate. The tree is 
based on the comparative analysis of 16S rRNA gene sequences. The reference bar 
indicates 5% sequence divergence. Bootstrap resampling was performed with 2000 
replicates. Evolutionary analyses were conducted in MEGA7. 
Examining the most abundant Methanosarcina phylotype in the BES controls, it was 
found that three out of the four most abundant sequences did not show high identity 
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to the sequences from the methanogenic incubations. Three out of the four clustered 
separately. New.CleanUpReference OTU575992 and New.ReferenceOTU192 
showed respectively 90% and 97% identity to an Uncultured archaeon clone B62P50 
enriched from a rice paddy soil (Liu et al., 2016). However one of the sequences from 
the BES control showed a 98% identity to Methanosarcina lacustris strain ZS and 
Methanosarcina subterranea strain HC-2.The sequences of the most abundant 
Desulfotomaculum phylotype found in both IntSR and IntMG had a high identity to 
each other but did not show high phylogenetic identity to any sulphate reducer, 
including sulphate reducers identified from different environments such as rice 
paddy, sediment from the Baltic sea, hot springs, the deep biosphere and sulphate 
reducers identified as benzoate degraders. The closest affiliations of the 
Desulfotomaculum phylotype in enrichment cultures with benzoate to the known 
benzoate degraders were Sporotomaculum syntrophicum strain FB (91%  3%), 
Desulfotomaculum sapomandens strain DSM (91%  3%) and Desulfotomaculum 
thermobenzoicum (88.5%  0.5%). The highest identity 92% 3% was to the 





Figure 5.9 Molecular phylogenetic analysis by Maximum Likelihood method based on 
the Kimura 2-parameter model (Kimura, 1980). A phylogenetic tree is rooted to 
Desulfomicrobium macestii DSM 4194. Branches highlighted in blue represent the 
most abundant Desulfotomaculum OTUs in initially sulphate reducing (IntSR) and 
initially methanogenic (IntMG) incubations with benzoate. The tree is based on the 
comparative analysis of 16S rRNA gene sequences. The reference bar indicates 2% 
sequence divergence. Bootstrap resampling was performed with 2000 replicates. 
Evolutionary analyses were conducted in MEGA7. 
The sequence alignment of the ten most abundant Syntrophomonas OTUs showed 
that they shared a 96%  3% 16S rRNA sequence identity to the uncultured 16S 
rRNA bacterium clone BButH3P4D10 isolated from a methane-emitting fen in 
Germany and identified as closely related to Syntrophomonas spp (Schmidt et al., 




5.3.7 Metagenomic analysis of syntrophic benzoate degrading co-cultures 
Metagenomic analysis was conducted to assess the metabolic potential of the 
community members and the potential modes of syntrophic interaction between 
them. 
Metagenomic analysis of samples from the methanogenic benzoate enrichments 
IntMG were conducted. After quality control, the number of sequences analysed from 
each sample ranged from 3075240 to 3206103 and the mean sequence length 
varied from 70 to 268 base pairs. The characteristics of the metagenome data read 
and sequenced may be found in Appendix O. 
The community composition of the most abundant taxa, established by the 16S rRNA 
amplicon analysis, was largely confirmed by the metagenomic analysis although 
relative percentage abundance of each phylotype varied. The most abundant taxa 
found in the metagenomic datasets and 16S rRNA amplicon datasets are shown in 
Figure 5.10. Both methods of analysis found the same taxa to be most abundant, 
namely the methanogenic archaea Methanosarcina and putative syntrophic benzoate 
degraders the sulphate reducer Desulfotomaculum and fatty acid oxidiser 
Syntrophomonas. Methanobacterium which was found by both the amplicon 
sequencing and the analysis of the 16S rRNA in the metagenomes, was not found in 
the data set derived from the NCBI protein database (Figure 5.10 C). WCHB1.69, 
highly enriched in the 16S rRNA amplicon datasets, was not identified by the analysis 
of the 16S rRNA in the metagenomes nor in the data set derived from the NCBI 
protein database (Figure 5.10 B and C). 
It is noteworthy that in the data set derived from the NCBI protein database, known 
benzoate degraders Syntrophus and Geobacter were found at an average relative 
abundance of 1.1% and 1.2%, and in the 16S libraries these microorganisms were 






Figure 5.10 Most abundant taxa found expressed as a relative percentage 
abundance by (A) 16S rRNA amplicon analysis, (B) 16S rRNA analysis of the 
sequences in the metagenomes using the SILVA database, and (C) metagenomic 
analysis of taxa identified by the NCBI protein database. 
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Full acetoclastic, hydrogenotrophic and methylotrophic methanogenesis and 
benzoate degradation pathways were found in the assembled metagenomic data. 
Genes encoding enzymes involved in the fatty acids β-oxidation and Wood–
Ljungdahl pathways which is used by many microorganisms to reduce CO2 or to 
utilise acetate were also identified. 
Pathways for degradation of benzoate to CO2, H2 and acetate were found in 
assemblies and raw reads (Figure 5.11). Putative syntrophic benzoate degraders 
namely Syntrophomonas and Desulfotomaculum were investigated for the presence 
of the genes involved in benzoate degradation badA, hbaA, badH, dch, had and oah 
(Figure 5.11 A and B). None of the genes was identified in these microorganisms. 
Further analysis showed that these genes were assigned to known benzoate 
degraders Syntrophus and Geobacter with a threshold of 60% identity. These 
organisms were found only in metagenomic analysis of taxa identified by the NCBI 
protein database and have not been identified in abundance by either 16S rRNA 
amplicon analysis nor 16S rRNA analysis of the sequences in the metagenomes. It is 
also noteworthy that by changing the percentage identity from 60% to 70% the 
number of genes identified to take part in benzoate degradation in Geobacter fell by 
half and with the threshold of 90% identity no genes involved in benzoate 
degradation were identified at all. In Syntrophus at 70% no change was observed in 
the abundance of genes, however with the threshold of 90% identity no genes were 
identified as previously described in Geobacter. This suggests that these genes were 





Figure 5.11(A) Putative benzoate degraders and hypothesised syntrophic partners in 
methanogenic IntMG benzoate degrading enrichments. (B) Successive enzymes 
convert sodium benzoate to 3 acetyle CoA and CO2 in stages. Numbers in 
parentheses are mean gene counts () and the calculated standard deviation () for 
the genes involved in enzyme production. The abbreviations refer to: BadA: 
benzoate-CoA ligase, BadH: 2-hydroxycyclohexanecarboxyl-CoA dehydrogenase, 
Dch: cyclohexa-1,5-dienecarbonyl-CoA hydratase, Had: 6-hydroxycyclohex-1-ene-1-
carbonyl-CoA dehydrogenase, HbaA: 4-hydroxybenzoate-CoA ligase and Oah: 6-
oxocyclohex-1-ene-carbonyl-CoA hydrolase. Part B is adapted from (Fuchs et al., 
2011). 
Genes encoding enzymes involved in the Wood-Ljungdahl pathway were identified in 
the IntMG samples (Figure 5.12). The AcsE gene was the only gene not found in the 
samples. This gene encodes for methyltransferase MeTr. This enzyme catalyses the 
transfer of a methyl group of CH3-H4folate to the cobalt site in the cobalamin cofactor 
bound to the CFeSP which forms an organometallic methyl-Co(III) intermediate in the 




Figure 5.12 Pathway diagram showing enzymes involved in Wood–Ljungdahl 
pathway. Numbers in parentheses refer to the mean abundance of the genes () and 
standard deviation () in IntMG methanogenic samples with benzoate. Abbreviations 
of enzymes are as follows: AckA: acetate kinase, ACSS: acetyl-CoA synthetase, 
AcsB: carbon monoxide dehydrogenase / acetyl-CoA synthase subunit beta, AcsE: 
methyltransferase, CooS: carbon-monoxide dehydrogenase catalytic subunit, 
FdhA1: formate dehydrogenase, alpha subunit, Fhs: formate-tetrahydrofolate ligase, 
FolD: methylenetetrahydrofolate dehydrogenase (NADP+) / methenyltetrahydrofolate 
cyclohydrolase, MetF: methylenetetrahydrofolate reductase, Pta: phosphate 
acetyltransferase. 
To further investigate the role of Desulfotomaculum in the degradation of benzoate, 
pathways for sulphate reduction and acetate utilisation were examined (Figure 5.13). 
Two genes, dsrA and dsrB, known to take part in dissimilatory sulphate reduction, 
were identified. These are key genes which encode the two major subunits of the 
dissimilatory (bi-)sulphite reductase, a key enzyme of sulphate reduction. However, 
other genes that take part in dissimilatory sulphate reduction were absent, namely 
sat (sulfate adenylyltransferase), aprA (adenylylsulfate reductase, subunit A), aprB 
(adenylylsulfate reductase, subunit B) and cysH (phosphoadenosine phosphosulfate 
reductase). The absence of those genes suggested that the Desulfotomaculum found 
in the IntMG enrichments with benzoate might not reduce sulphate as part of its 
metabolism. 
Genes encoding enzymes involved in the Wood-Ljungdahl pathway were also 
identified in Desulfotomaculum in high abundance, as estimated by the ratio of the 
abundance of the genes of interest to the abundance of the “housekeeping” gene 
dnaK, which suggested that this microorganism could take part in the utilisation of 




Figure 5.13 Proportion of genes measured with respect to “housekeeping” gene 
dnaK taking part in Wood-Ljungdahl pathway and sulphate reduction in 
Desulfotomaculum. Sulphate reduction: dsrA: sulfite reductase, dissimilatory-type 
alpha subunit, dsrB: sulfite reductase, dissimilatory-type beta subunit. 
The metabolic potential of fatty acid oxidiser Syntrophomonas was investigated to 
ascertain its involvement in benzoate degradation. Genes which encode enzymes 
involved in the -oxidation pathway and which are known to be used in fatty acid 
oxidation by these microorganisms were identified and their abundance estimated 
using the ratio of those genes to the “housekeeping” dnaK gene (Figure 5.14, Sieber 
et al. 2015). Genes known to participate in reverse electron transfer were abundant, 
namely bcd (butyryl-CoA dehydrogenase), fdhA (formate dehydrogenase, alpha 
subunit), fdhB (formate dehydrogenase, beta subunit) and fdol (formate 
dehydrogenase, gamma subunit), suggesting that Syntrophomonas had the potential 
for syntrophic growth on saturated fatty acids. The high abundance of the genes 
involved in the -oxidation pathway and the high relative abundance of 
Syntrophomonas, as indicated by the analysis of the community composition, 
suggested that this bacterium could take part in the utilisation of fatty acids producing 





Figure 5.14 Pathway diagram showing (A) enzymes involved in the fatty acid -
oxidation pathway using the COG database, (B) proportion of genes taking part in -
oxidation in Syntrophomonas. (A) Numbers in parentheses refer to the mean 
abundance of the genes () and standard deviation () found in Syntrophomonas. (B) 
Proportion of genes measured with respect to “housekeeping” gene dnaK. 
Abbreviations of genes and corresponding enzymes are as follows: AckA: acetate 
kinase, Bcd: butyryl-CoA dehydrogenase, FadB: 3-hydroxybutyryl-CoA 
dehydrogenase, FdhA: formate dehydrogenase, alpha subunit, FdhB: formate 





Figure 5.15 Pathway diagram showing enzymes involved in hydrogenotrophic, 
acetoclastic and methylotrophic methanogenesis in IntMG samples with benzoate. 
Highlighted genes (e.g. cdhC) are pathway specific. Other genes (hdrA, mcrA, mtrA) 
are common to all pathways. Numbers in parentheses refer to the mean abundance 
of the genes () and standard deviation () in methanogenic samples. Abbreviations 
of enzymes are as follows: AckA: acetate kinase, ACSS: acetyl-CoA synthetase, 
CdhC: acetyl-CoA decarbonylase/synthase complex subunit beta, EchA: 
hydrogenase subunit A, FdhA: glutathione-independent formaldehyde 
dehydrogenase, FmdA: formylmethanofuran dehydrogenase subunit A, FTR: 
formylmethanofuran-tetrahydromethanopterin N-formyltransferase, HdrA: 
heterodisulfide reductase subunit A, MCH: methenyltetrahydromethanopterin 
cyclohydrolase, McrA: methyl-coenzyme M reductase alpha subunit, MER: 
coenzyme F420-dependent N5, N10-methenyltetrahydromethanopterin reductase, 
MtaA: [methyl-Co(III) methanol-specific corrinoid protein]: coenzyme M 
methyltransferase, MtaB: methanol-5-hydroxybenzimidazolylcobamide Co-
methyltransferase, MtaC: methanol corrinoid protein, MtbA: coenzyme M 
methyltransferase:[methyl-Co(III) methylamine-specific corrinoid protein], MttB: 
trimethylamine-corrinoid protein Co-methyltransferase, MttC: trimethylamine corrinoid 
protein, MTD: methylenetetrahydromethanopterin dehydrogenase, MtrA: 
tetrahydromethanopterin S-methyltransferase and Pta: phosphate acetyltransferase. 
Adapted from (Guo et al., 2015). 
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The full complement of genes for methanogenic CO2 reduction, acetoclastic 
methanogenesis and methylotrophic methanogenesis were detected in the 
metagenome data (Figure 5.15). 
Methanosarcina was found in high relative abundance (Figure 5.7 A) and contained 
genes for all three pathways of methanogenesis, acetoclastic, hydrogenotrophic and 
methylotrophic methanogenesis, suggesting metabolic versatility of this methanogen. 
It is of note that the fmdA gene, encoding formylmethanofuran dehydrogenase, which 
is involved in hydrogenotrophic methanogenesis, was found in high abundance 
(Figure 5.16 C). Abundance of ACSS, which is not used by these methanogenic 
archaea in acetoclastic methanogenesis, might be due to its involvement in glycolysis 
(Santiago-Martinez et al., 2016). 
 
Figure 5.16 Proportion of genes measured with respect to “housekeeping” gene 
dnaK taking part in acetoclastic, hydrogenotrophic and methylotrophic 
methanogenesis in Methanosarcina. 
5.4 Discussion 
Methanogenic biodegradation of crude oil is an important process occurring in 
petroleum reservoirs and other environments contaminated by oil. In reservoirs 
containing low sulphate concentrations, methanogenesis is a primary mechanism of 
petroleum biodegradation (Head et al., 2003; Jones et al., 2008; Head et al., 2014). 
Methanogenesis is a known syntrophic process which requires close cooperation 
between microorganisms degrading hydrocarbons with such end products as 
acetate, and/or H2 and CO2 which can be further utilised by methanogenic archaea. 
Methanogenic oil biodegradation is considered a low energy yielding process 
(Schink, 1997), but it is thermodynamically feasible when intermediate products 
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generated by syntrophic bacteria are kept at low concentrations by methanogens 
(Dolfing et al., 2008). Under methanogenic conditions biodegradation of crude oil 
hydrocarbons has been extensively studied through the investigation of compounds 
such as alkanes (Zengler et al., 1999) benzene (Ulrich and Edwards, 2003) toluene 
(Edwards et al., 1994) and polycyclic aromatic hydrocarbons (Chang et al., 2006; 
Berdugo-Clavijo et al., 2012). 
Methanogenic biodegradation of crude oil as the only energy source has also been 
reported (Townsend et al., 2003; Aitken et al., 2004; Jones et al., 2008; Gieg et al., 
2010; Berdugo-Clavijo and Gieg, 2014). 
The mechanisms, and the key microbial members involved, in the biodegradation of 
crude oil are still unclear, especially in the reservoirs containing heavily biodegraded 
crude oil such as oil sands. The incubation period required to further biodegrade 
heavily degraded crude oil to a measurable extent is very long and in excess of a 
single PhD project. An investigation using pre-enriched cocultures from these 
environments and intermediary products such as benzoate offers an attractive 
opportunity to establish microbial community composition and the metabolic potential 
of the microorganisms for syntrophic biodegradation that could take place in the oil 
sands. The knowledge obtained from such studies could make a valuable 
contribution towards an understanding of the intermediary processes that might be 
occurring in such environments and the identification of potential syntrophic microbial 
members. 
The aim of the study discussed in this chapter was to investigate the potential of oil 
sands enrichment cultures to degrade benzoate, which is a known intermediary in 
hydrocarbon and monoaromatic compound degradation. This study also aimed to 
establish putative syntrophic members in benzoate degradation under methanogenic 
conditions and their metabolic potential. 
Enrichment cultures containing inoculum enriched from oil sands under 
methanogenic conditions were investigated. 3051 day oil sands enrichment culture 
was used as inoculum and benzoate was used as an energy and carbon source. In 
parallel, an experiment was conducted using crude oils of different levels of 
biodegradation as the only source of energy. The intention was to compare microbial 
community composition and function in the biodegradation processes with benzoate 
and crude oil. 
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5.4.1 Investigation of methanogenic biodegradation of undegraded and 
heavily biodegraded crude oil 
Tyne sediment and oil sands enrichments were used as inoculum with crude oil as 
energy and carbon source to investigate whether the microbial communities present 
in these environments had the potential to degrade different crude oils under 
methanogenic conditions. Two different types of crude oil were used: heavily 
biodegraded crude oil (PM3) and light undegraded North Sea crude oil (PM0). 
It is generally accepted that the degradation under methanogenic conditions of crude 
oil, or of single hydrocarbons, is a slow process showing a slow growth and low rates 
of substrate conversion due to complex steps of the substrate activation involved in 
syntrophic metabolisms (Zhou et al., 2012). 
Incubations containing light undegraded North Sea crude oil and Tyne sediment as 
inoculum showed methane production indicated by an increased rate of 
methanogenesis ranging from 0.008 to 1.81 mol/day after an expected lag phase of 
62 days (Figure 5.1). After 785 days, 1308.07 mol of methane was produced in 
these incubations. Incubations containing heavy crude oil showed methane 
production of about 211.3 mol on day 785, with a maximum methane amount of 
273.6 mol, measured on day 642. A study by Townsend et al. (2003) into the 
biodegradation of crude oil hydrocarbons using samples that had been previously 
exposed to natural gas condensate as inoculum, demonstrated that in the 
unamended incubations used as controls, 314 mol of methane was produced from 
endogenous electron donors. This amount of methane is close to the measured 
methane amounts in the incubation with heavy crude oil, suggesting that after 785 
days methanogenesis from the biodegradation of hydrocarbons in these enrichments 
has not yet occurred. However, without a hydrocarbon analysis it is unclear whether 
the methane produced came from the slow biodegradation of crude oil hydrocarbons 
or from the remaining organic material in the Tyne sediment. 
Incubations containing oil sands enrichments as inoculum had not shown any 
methane accumulation after 600 days. Townsend et al. (2003) also described 
methanogenic biodegradation of two types of crude oil: the first was depleted in low 
molecular weight alkanes and monoaromatic compounds but mid-to-heavy range 
hydro-carbons (C15-C34) were present; the second was North Sea crude oil 
depleted in n-alkanes but containing most of its polycyclic aromatic hydrocarbons. 
This suggested that there was a potential for biodegradation in the enrichments with 
undegraded and heavily degraded crude oil in the incubations with Tyne sediment 
and oil sand enrichments, although during this study very little degradation took place 
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in those incubations (Figure 5.1). It is likely that more time is required for these slow 
processes to take place. 
With this in mind, all incubations with crude oil were monitored and left to incubate. 
5.4.2 Syntrophic benzoate degradation under methanogenic conditions 
Biodegradation of benzoate, a model monoaromatic compound used to investigate 
pathways of aromatic compound degradation, has been found in the methanogenic 
enrichments with oil sands. This suggested the presence of a complex microbial 
community in the oil sands enrichments which was capable of degrading the 
intermediate product benzoate. 
One molecule of benzoate produces 3.75 molecules of methane. The expected 
methane yield was 3.75 mmol. The stoichiometric methane content of 3750 mol 
(3.75 mmol) was reached in nearly all the methanogenic enrichment cultures, which 
indicates that the community of microorganisms degraded benzoate successfully 
under methanogenic conditions (Figure 5.2). 
5.4.3 Key syntrophic benzoate degraders 
The principal syntrophic microorganisms in the degradation of benzoate appeared to 
be Desulfotomaculum and Methanosarcina. 
Aggregates were observed at the onset of methanogenesis, in the methanogenic 
enrichment cultures. Cultures with BES did not seem to contain aggregates (Figure 
5.3). Microscopic examination of the methanogenic enrichment cultures showed that 
different species appeared to form the aggregates. The morphologies of the 
microorganisms observed were similar to the Methanosarcina identified in 83% of 18 
randomly chosen fields of view and high numbers of rod-shaped organisms, which 
were observed either as individual cells or as parts of an aggregate, (Figure 5.4) 
suggesting that the community was of a syntrophic nature (Schink, 1997). 
From the investigations of community composition using 16S rRNA amplicons the 
hypothesised syntrophic benzoate degraders (Syntrophus and Smithella) were not 
detected in high abundance, suggesting that different microbial organisms are 
responsible for the degradation of benzoate. Community composition of the T0 
samples, which were used as inoculum in the subsequent enrichments with 
benzoate, was markedly different from the composition of the methanogenic 
benzoate enrichments. This was supported by the analysis of -diversity, which 
showed a clear separation between the oil sands inoculum and oil sands 




Both T0 IntSR and IntMG had a high relative abundance of Desulfomicrobium (38% 
and 23%) and Geobacter (15.5% and 8.7% respectively). These microorganisms 
were not found abundantly in the methanogenic IntSR and IntMG enrichments with 
benzoate. Desulfomicrobium was found at the relative abundance of 0.012% and 
0.05% respectively and Geobacter was found at relative abundances of 0.19% and 
0.015%, suggesting that they do not participate in syntrophic benzoate degradation 
(Figure 5.6). The average abundance of the archaeal reads comprised 2% ( = 0.3) 
in the IntSR and 5% ( = 3.5) in the IntMG of the total T0 microbial community 
composition. 
In the subsequent methanogenic incubation with benzoate a clear enrichment of 
specific taxa in the IntSR and the IntMG incubations was observed, namely 
acetoclastic methanogen Methanosarcina, fatty acid oxidiser Syntrophomonas, 
sulphate reducer Desulfotomaculum and an unclassified Sphingobacteriales clone 
WCHB1.69 (Figure 5.7). 
Average abundance of the archaeal reads in the methanogenic benzoate incubations 
increased to 21% ( = 3.9) in the IntSR and 20% ( = 0.6%) in the IntMG 
enrichments, of which Methanosarcina was the predominant member comprising 
71%. 
Average relative abundance of Methanosarcina reads was 1.9% ( = 0.2) in the T0 
inoculum. In the IntSR enrichments with benzoate, its abundance rose to 15% ( = 
2). In the IntMG enrichments with benzoate the average relative abundance of 
Methanosarcina reads rose from 2.6% ( = 2.5) found in the T0 inoculum to 15% 
( = 1.1), suggesting that Methanosarcina plays a vital role in the syntrophic 
biodegradation of benzoate. 
Metagenomic analysis also found in abundance Methanosarcina, Syntrophomonas 
and Desulfotomaculum suggesting these organisms are important in methanogenic 
benzoate degradation in the oil sand enrichments. Sphingobacteriales clone 
WCHB1.69 was not identified in the metagenomic analysis, possibly because these 
microorganisms have not been cultured and fully classified at the present time. 
However, Sphingobacteriales clone WCHB1.69 has previously been identified in an 
aquifer contaminated by hydrocarbons and chlorinated solvents (Dojka et al., 1998), 
in a study investigating the degradation of polybrominated diphenyl ethers (Xu et al., 
2012) and a study investigating biodegradation of algal biomass (Morrison et al., 
2016). 
The study by Marshall et al. (2012) aiming to establish from a mixed methanogenic 
microbial community a sustainable biocathode that could fix CO2 using inoculum from 
211 
 
brewery wastewater, found an enrichment of Sphingobacteriales WCHB1.69 on the 
cathode. The authors hypothesised that Sphingobacteriales WCHB1.69 was 
oxidizing the cathode and generating hydrogen that was utilised by the methanogens 
and acetogens. 
The function of this Sphingobacteriales WCHB1.69 is unclear, but it may have been 
involved in the utilisation of acetate, producing H2 and CO2, or in the degradation of 
bacterial cell detritus. 
Members of the Syntrophomonadaceae family have been described as degrading 
fatty acids and only growing in syntrophic association with microorganisms capable 
of hydrogen and formate utilisation (McInerney et al., 2008; Sieber et al., 2010a; 
Sieber et al., 2010b) The degradation of fatty acids has been shown to proceed 
through -oxidation (Sieber et al., 2010b; Sieber et al., 2015). Members of the genus 
Syntrophomonas have been previously grown in syntrophic cocultures with 
Methanospirillum hungatei, a hydrogen utilising methanogen, on crotonate and 
butyrate and also with Desulfovibrio on butyrate (McInerney et al., 1981). Extensive 
work has been carried out on Syntrophomonas wolfei which is known to degrade 
fatty acids from four to eight carbons in length to form hydrogen, acetate and formate 
(McInerney et al., 1981; Wofford et al., 1986; Sieber et al., 2010b). Synrophomonas 
wolfei has been described as utilising butyrate, caproate, and caprylate, degrading 
them to acetate and H2. It also degrades valerate and heptanoate to acetate, 
propionate and H2 and isoheptanoate is degraded to acetate, isovalerate, and H2. 
Such compounds as carbohydrates, proteinaceous materials, alcohols and other 
organic compounds are not utilised by this organism. Electron acceptors such as 
sulphur, sulphate, sulphite, thiosulphate, fumarate, malate, nitrate and oxygen do not 
support the growth of this microorganism (McInerney et al., 1981). Another member 
of Syntrophomonas genus, Syntrophomonas zehnderi, cultured with 
Methanobacterium formicicum has been shown to degrade a mono-unsaturated fatty 
acid (C18:1), oleate and straight-chain fatty acids C4–C18, although branched fatty 
acids were not degraded. The researchers found that the even-number fatty acids 
were degraded to methane and acetate and the odd-numbered fatty acids were 
degraded to methane, propionate and acetate in this co-culture (Sousa et al., 2007). 
Acetate, propionate and branched-chain fatty acids, such as isovalerate, isobutyrate 
and isocaproate, do not support growth of the co-culture and nor do the presence of 
electron acceptors such as sulphate, thiosulphate, sulphite, nitrate, Fe(III) EDTA, 
fumarate and crotonate (Sousa et al., 2007). To our knowledge Syntrophomonas has 
not previously been identified as a primary benzoate degrader, suggesting that it 
plays a different role in the oil sands incubation with benzoate. Since the enrichment 
cultures described in this chapter came from environments containing crude oil, the 
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presence of fatty acids as products of degradation is possible. It is conjectured that 
the sand with crude oil contained traces of fatty acids and, when it was transferred, 
some of fatty acids were added to the incubation and supported the growth of this 
microorganism. An alternative conjecture is that microbial cell detritus acted as a 
source of fatty acids. 
Sulphate reducers are known for their metabolic versatility. Syntrophic growth of 
sulphate reducers has previously been observed in the absence of sulphate with 
methanogens, which act as an electron sink by using the hydrogen produced by the 
sulphate reducer (Bryant et al., 1977; Plugge et al., 2011). 
The enrichment of Desulfotomaculum in IntSR and IntMG suggested that this 
bacterium played an important role in the biodegradation of benzoate. Members of 
Desulfotomaculum spp have been previously found to utilise benzoate. A study by 
Plugge et al. (2002) described an enrichment of Desulfotomaculum 
thermobenzoicum strain TPO, a moderately thermophilic bacterium capable of 
utilising benzoate in a pure culture and also grown in coculture with 
Methanobacterium thermoautotrophicum. Other members of this genus capable of 
benzoate degradation include Desulfotomaculum gibsoniae strain Groll DSM 72113 
in the presence of sulphate (Kuever et al., 2014) and Desulfotomaculum 
sapomandens DSM 3223 (Cord-Ruwisch and Garcia, 1985). 
Sporotomaculum is a member of Desulfotomaculum subcluster Ib. Two species of 
Sporotomaculum have been described which are unable to respire anaerobically with 
sulphate Sporotomaculum hydroxybenzoicum and Sporotomaculum syntrophicum 
(Imachi et al., 2006). Sporotomaculum syntrophicum strain FB (T) isolated from 
methanogenic sludge used in wastewater treatment contaminated with terephthalic 
acid has been reported to convert benzoate to acetate, carbon dioxide, and methane 
in a coculture with hydrogenotrophic methanogen Methanospirillum hungatei (Qiu et 
al., 2003). Sporotomaculum syntrophicum was also able to utilise benzoate in pure 
culture in the presence of crotonate used as cosubstrate. Sporotomaculum 
syntrophicum strain FB (T) does not utilise sulphate, sulphite, thiosulphate, nitrate, 
fumarate, or Fe(III) as electron acceptor. The results from other studies reporting 
degradation of benzoate by sulphate reducers, particularly members of 
Desulfotomaculum genus, suggested that Desulfotomaculum found in high 
abundance in the oil sands enrichments could be a primary benzoate degrader. 
5.4.4 Metabolic potential of putative syntrophic benzoate degraders 
Metagenomic analysis of the IntMG oil sands enrichments with benzoate was 
conducted to assess the metabolic potential of the putative syntrophic benzoate 
degraders, Syntrophomonas and Desulfotomaculum. Metagenomic analysis showed 
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the presence of pathways for benzoate degradation and for hydrogenotrophic, 
acetoclastic and methylotrophic methanogenesis (Figure 5.11 and Figure 5.15). The 
metagenomic analysis also found genes known to participate in other metabolic 
pathways, namely the fatty acids β-oxidation and Wood–Ljungdahl pathways. 
Genes involved in benzoate degradation were not found in either of the hypothesised 
benzoate degraders, Syntrophomonas and Desulfotomaculum. 
However, Syntrophomonas, a well known fatty acid degrader, showed an abundance 
of genes participating in the degradation of fatty acids through the β-oxidation 
pathway (Figure 5.14 B). Data analysis using the COG database showed the 
presence of essential enzyme acyl-CoA dehydrogenase, which is responsible for the 
catalysis of the first step in fatty acid oxidation (Sieber et al., 2015). Other enzymes 
were also found, namely enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, 
acetyl-CoA acetyl transferase, acetate kinase and phosphotransacetylase, leading to 
acetate as a final product of degradation (Figure 5.14 A). 
Syntrophic growth on saturated fatty acids by Syntrophomonas requires genes 
involved in reverse electron transfer to produce formate and hydrogen from electrons 
generated in the oxidation of acyl-CoA intermediates to their respective enoyl-CoA 
intermediates (Sieber et al., 2015). Some of these genes were abundant, namely bcd 
(butyryl-CoA dehydrogenase), fdhA (formate dehydrogenase, alpha subunit), fdhB 
(formate dehydrogenase, beta subunit), fdol (formate dehydrogenase, gamma 
subunit). This suggested that Syntrophomonas enriched in methanogenic oil sand 
cultures had the potential for syntrophic fatty acid oxidation with acetate as final 
product. 
Phylogenetic analysis of the ten most abundant Syntrophomonas OTUs showed that 
they shared a 96%  3% 16S rRNA sequence identity to the uncultured 16S rRNA 
bacterium clone BButH3P4D10, which has been shown to degrade such substrates 
as ethanol, butyrate or propionate (Schmidt et al., 2016). 
The literature reports, the absence of genes involved in benzoate degradation 
established by metagenomic analysis and the abundance of genes and enzymes 
required for fatty acid oxidation further support the conjecture that members of this 
genus found enriched in the methanogenic oil sands incubations take part in fatty 
acid degradation and are unlikely to be primary degraders of benzoate. 
Sulphate reducers are known to utilise acetate (Rabus et al., 2006). Metagenomic 
analysis of the Desulfotomaculum showed the presence of genes encoding enzymes 
involved in the Wood-Ljungdahl pathway which could be used to utilise acetate 
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(Figure 5.13). The presence of these genes suggested the potential of 
Desulfotomaculum to utilise acetate. Key genes of the sulphate respiration pathway 
encoding dsrA and dsrB, the alpha and beta subunits of the dissimilatory sulphite 
reductase, were also identified. However, sat, aprA, aprB, and cysH, which are other 
genes known to encode enzymes in the dissimilatory sulphate reduction pathway, 
were not found. 
Members of the Desulfotomaculum cluster I are known sulphate reducers but 
representatives have been isolated from methanogenic, low sulphate environments, 
that lack the ability to reduce sulphate. On the basis of phylogeny these members 
were grouped in Desulfotomaculum cluster Ih. The examples of members of cluster 
Ih are species of the genus Pelotomaculum, namely Pelotomaculum schinkii, P. 
thermopropionicum and P. propionicicum, P. terephthalicum and P. isophthalicum. 
Imachi et al. (2006) did not find the key genes encoding dsrA and dsrB in the 
members of cluster Ih, with exception of P. propionicicum, after performing a PCR-
based screening. It was proposed that these bacteria adapted to environments with 
low sulphate by adopting the syntrophic life style. 
The phylogenetic analysis did not group the enriched Desulfotomaculum 16S rRNA 
sequences with the bacteria from cluster Ih (Figure 5.9) nor with the known sulphate 
reducers from Desulfotomaculum clusters Ia to If. The Desulfotomaculum that was 
found to be enriched in the oil sands incubations contained some genes from the 
sulphate reduction pathway, but not the complete set. Hence, it might not be 
independently capable of sulphate reduction. The Desulfotomaculum became 
enriched in the syntrophic culture with benzoate, suggesting that it is capable of 
syntrophy. 
Genes for benzoate degradation were found in the culture, but as noted in section 
5.3.7, there were no known degraders of benzoate in the culture from which the 
genes might have been identified. The metagenomic analysis identified Geobacter 
and Syntrophus as the sources of the genes at 60% identity, but at thresholds of 
identity over 80% the analysis failed to affiliate the genes. Since Geobacter and 
Syntrophus were not enriched in oil sands incubations with benzoate, it was clear 
that they were not involved in the degradation of benzoate. It was conjectured that 
the enriched phylotype of Desulfotomaculum is a hitherto unidentified and uncultured 
subspecies and, therefore, cannot be found in the databases. If that were so, then 
the presence in the Desulfotomaculum of genes for benzoate degradation would be 
unrecorded. It is of note that the closest cultured relatives identified by the 
phylogenetic analysis were known benzoate degraders, such as Sporotomaculum 
syntrophicum strain FB (with identity 91%  3%), Desulfotomaculum sapomandens 
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strain DSM (91%  3%) and Desulfotomaculum thermobenzoicum (88.5%  0.5%) 
(Figure 5.9). It was speculated that the Desufotomaculum that became enriched was 
a primary benzoate degrader. Verifying that conjecture requires additional analysis. 
Metagenomic analysis of Methanosarcina showed the presence of genes taking part 
in acetoclastic, hydrogenotrophic and methylotrophic methanogenesis. Species of 
Methanosarcina can utilise various substrates including acetate, H2, CO2 and 
compounds containing a methyl group, e.g. methylamines, methanol, or methyl 
sulphides, using all three known pathways of methanogenesis (Galagan, 2002). In 
this study all three pathways were evident. 
It was found that the fmdA gene, encoding formylmethanofuran dehydrogenase, 
which is involved in hydrogenotrophic methanogenesis, was highly abundant (Figure 
5.16). Phylogenetic analysis of the most abundant Methanosarcina OTUs showed 
that the Methanosarcina phylotype present in the cultures shared 99% sequence 
identity with Methanosarcina lacustris and Methanosarcina subterranea, which do not 
utilise acetate (Simankova et al., 2001; Shimizu et al., 2015). This suggested a 
possibility that in the oil sands enrichments with benzoate, methane could have been 
produced by this archaeon by means of hydrogenotrophic methanogenesis. 
Methanosarcina may be considered a very versatile archaeon capable of 
metabolising a variety of substrates. The presence of the genes required for three 
pathways enhances the chance of survival of communities including Methanosarcina 
in environments such as oil sands, where the availability of substrates is unreliable. 
5.4.5 The role of BES 
BES was used as a control in this study. It is an inhibitor of methanogenesis, the 
purpose of which is to provide a contrast between methanogenic samples, where 
archaea of interest become enriched, and samples with BES, which are not 
methanogenic and where methanogenic archaea do not become enriched. The 
differences observed in the community composition provide information regarding the 
microorganisms involved in methanogenesis. 
It was shown that BES effectively inhibits methanogenesis. The average amount of 
methane produced by IntSR samples with BES was 60 mol and by the IntMG 
samples with 73 mol over the duration of the experiment. In contrast, methane 
produced by methanogenic samples averaged 2665 mol and 3333 mol 
respectively. The -diversity analysis showed a large and significant difference 
between community composition in cultures incubated with and without BES 
(F = 7.61, p < 0.001, Permutational Multivariate Analysis of Variance, see Figure 
4.5). The main difference between the community compositions attributable to BES is 
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the different relative abundance of methanogenic archaea. The mean relative 
abundance of all archaea ranged from 2.0% ( = 0.25) in the IntSR T0 inoculum to 
2.1% ( = 1.9) in the IntSR with BES, as against 21% ( = 3.9) in methanogenic 
cultures. A similar pattern was observed in IntMG, with mean relative abundance of 
archaea ranging from 5.4% ( = 3.6) in the T0 inoculum to 2.9% ( = 2.6) in the 
IntMG with BES, as compared to 20% ( = 0.6) in methanogenic cultures. 
The abundance of sulphate reducers was greater in cultures with BES than without. 
The principal sulphate reducers found in the communities were Desulfotomaculum, 
Desulfomicrobium and Desulfovibrio. By the end of the experiment, the abundance of 
Desulfotomaculum was found to be 23% in IntSR and 32% in IntMG cultures with 
BES, compared with 12% in IntSR and 14% in IntMG methanogenic cultures. 
The corresponding abundances of Desulfomicrobium were 12% in IntSR and 19% in 
IntMG cultures with BES, compared with 0.012% in IntSR and 0.050% in IntMG 
without BES, and of Desulfovibrio were 3.8% in IntSR and 5.0% in IntMG cultures 
with BES, compared with 1.3% in IntSR and 0.21% in IntMG without BES. 
It was conjectured that in cultures with BES, the putative unidentified species of 
Desulfotomaculum acted as primary benzoate degrader, producing H2, acetate and 
CO2, and known H2 utilisers Desulfovibrio and Desulfomicrobium utilised the H2 as an 
electron donor and the sulphonate group present in BES as an electron acceptor to 
produce CO2 and H2S as final products. This conjecture was described in Chapter 4, 
section 4.4.5. 
5.4.6 Comparison of Tyne sediment and oil sands cultures 
The rate of methanogenesis in enrichments with Tyne sediment as inoculum and 
benzoate as energy source were about twice as high as the rate in enrichments with 
oil sands and benzoate. The higher rate of metabolism in enrichments with Tyne 
sediment is probably due to the larger number of microorganisms present. The rates 
were: Tyne sediment 4.62 mol/day/ml inoculum; oil sands in IntSR enrichments, 
1.56mol/day/ml inoculum, and oil sands in IntMG enrichments 2.89mol/day/ml 
inoculum. This coincides with the higher rate of benzoate degradation by Tyne 
sediment. The rates were: Tyne sediment 0.028 mM/hr/ml; oil sands in IntSR 
enrichments, 1.54  10-4 mM/hr/ml and oil sands in IntMG enrichments, 
2.41  10-4 mM/hr/ml. 
The composition of the communities with BES were similar. Desulfomicrobium and 
Desulfovibrio were abundant in both enrichment cultures with BES, but 
Desulfotomaculum was enriched only in oil sands incubations. 
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Methanosarcina was found in all methanogenic enrichments. Phylogenetic analysis 
indicated that the Methanosarcina might be a relative of Methanosarcina lacustris 
and Methanosarcina subterranea. 
In methanogenic cultures, the community composition showed differences. In 
enrichments with Tyne sediment, two types of methanogen were enriched: 
hydrogenotrophic Methanofollis and acetotrophic Methanosaeta. In oil sands 
enrichments, the most abundant methanogen was Methanosarcina. The primary 
benzoate degrader in enrichments with Tyne sediment was Syntrophus and in oil 
sands enrichments a supposed unknown species of Desulfotomaculum. Despite 
these differences, the potential functionality, as estimated by metagenomic analysis, 
was the same in these enrichment cultures from two contrasting environments. The 
same pathways for benzoate degradation, hydrogenotrophic and acetoclastic 
methanogenesis were found in both sets of methanogenic enrichments. It is 
noteworthy that in the methanogenic oil sands enrichments, genes encoding for 
enzymes involved in methylotrophic methanogenesis were enriched, and in the Tyne 
sediment enrichments those genes were present only in low abundance. This may 
reflect the lesser availability of substrate in the environment with crude oil, giving an 
advantage to methanogens with more versatile metabolisms. 
5.5 Conclusion 
The hypothesis that syntrophic hydrocarbon-oxidising bacteria can be cultivated from 
crude oil reservoir samples has not been borne out yet. The experiment using crude 
oil as an energy source and oil sands as inoculum has produced little methane to 
date. The experiment continues, and it is perfectly possible that it will eventually 
succeed and support the hypothesis. 
Methanogenic incubation with oil sands as inoculum degraded benzoate 
successfully. Benzoate is an important intermediate metabolite in the degradation of 
hydrocarbons and other monoaromatic compounds present in crude oils. A pathway 
for the degradation of benzoate was found in the oil sands methanogenic 
enrichments by metagenomic analysis. Benzoate was degraded through a 
succession of intermediate steps to H2, CO2 and acetate. Syntrophic acetate 
oxidation was likely to have been carried out by the known acetoclastic methanogen 
Methanosarcina. However, it was also conjectured that unclassified 
Sphingobacteriales clone WCHB1.69 could have taken part in the acetate utilisation. 
Alignment of the 16S rRNA sequences of the most abundant Syntrophomonas OTUs 
showed that they shared a 96%  3% identity to the uncultured Syntrophomonas 
bacterium clone BButH3P4D10, isolated from a methane-emitting fen in Germany, 
which has been shown to degrade substrates such as ethanol, butyrate or 
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propionate. Its utilisation of acetate was not investigated. The Syntrophomonas 
sequences also shared a lower identity, 94%  2%, with Syntrophomonas zehnderi, 
which does not utilise acetate. It was conjectured that the Syntrophomonas spp that 
were enriched in the oil sands incubations with benzoate took part in fatty acid 
degradation with acetate as a final product. They are unlikely to be primary 
degraders of benzoate. Syntrophus and Smithella were hypothesised to act as 
intermediaries of syntrophic benzoate oxidation or syntrophic acetate oxidation in low 
temperature biodegraded crude oil reservoirs, but no enrichment of these organisms 
was observed. This suggests that they do not take part in benzoate degradation in 
the oil sands enrichments. An enrichment of Desulfotomaculum spp, members of 
which have previously been demonstrated to degrade benzoate, leads to the 
conclusion that Desulfotomaculum is a primary benzoate degrader in the oil sands 
enrichments. This suggests that sulphate reducers play an important role in the 
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Chapter 6. Conclusions and future work recommendations 
6.1 Concluding remarks 
Benzoate is an important intermediate metabolite in the degradation of hydrocarbons 
and other monoaromatic compounds present in crude oils. Benzoate is degraded 
through a succession of intermediate steps to H2, CO2 and acetate, which can all be 
further utilised by methanogens. Acetate can also be used by syntrophic acetate 
oxidisers. In this project, benzoate is used as a model aromatic acid found in crude 
oils.   
Methanogenesis is a known syntrophic process requiring close cooperation between 
microorganisms in the biodegradation of complex substances such as organic matter 
and crude oil, with methane as the end product. Methane gas is a greenhouse gas 
which has been linked to climate change. It is also a source of bioenergy. Further 
knowledge of the syntrophic process of methanogenesis, such as which 
microorganisms take part in it, in which environments it occurs, what substrates can 
be utilised, and which members of the microbial community participate and how, 
would contribute valuable information leading to the development of more 
sustainable and environmentally innocuous sources of energy. 
The aim of this project was to understand the microbial communities involved in 
methanogenic degradation of benzoate, to determine the nature of the organisms 
responsible for syntrophic benzoate degradation in contrasting environments (river 
sediment and oil sands) and to establish their metabolic potential. In this section, a 
brief summary of the main findings of this project is presented. 
A microcosm based approach was used to explore the effects of substrate 
amendment (benzoate or crude oil) on the methanogenic activities, community 
structure and composition of different environmental samples. Enrichment cultures 
containing benzoate or crude oil were set up using as inoculum sediment from two 
different environments, the River Tyne and Athabasca oil sands. The enrichment 
cultures were incubated under anoxic conditions while benzoate degradation and 
subsequent methane production were monitored. Methane accumulation was also 
monitored in the incubations with crude oil. Methane was detected in the incubations 
with Tyne sediment and crude oils. However, in the incubations with oil sands, no 
methane accumulation has yet been detected at the date of writing. This is consistent 
with the generally accepted observation that biodegradation of crude oil under 
methanogenic conditions is a slow process with a slow growth and low rates of 
substrate conversion because of the complexity of the steps in the syntrophic 
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metabolism of the substrate. With this in mind all enrichment cultures containing 
crude oils as energy source were left for further incubation and monitoring. 
The following objectives were set for this research: 
Objective 1: Demonstrate methanogenic degradation of benzoate in two contrasting 
environments, river sediment and oil sands. 
Objective 2: Determine the nature of the microbial communities involved in 
methanogenic benzoate degradation in these environments. 
Objective 3: Determine the functional capabilities of methanogenic benzoate 
degrading communities from Tyne sediment and oil sands enrichment cultures using 
metagenomic approaches. 
Objective 4: Identify key syntrophic microbial players in methanogenic benzoate 
degrading cocultures. 
The achievement of the established objectives led to the following results and 
subsequent conclusions.  
Benzoate was fully degraded under methanogenic conditions in the incubations 
containing Tyne sediment or oil sands as inoculum. However it should be noted that 
in the two enrichment cocultures, rates of methanogenesis and benzoate degradation 
were different. Tyne sediment incubations with benzoate had higher rates of methane 
production and benzoate degradation. This difference was attributed to the larger 
number of microorganisms present in the enrichments with Tyne sediment. 
Syntrophic communities were enriched both in the incubations with Tyne sediment 
and in the incubations with oil sands. This was evidenced by the production of 
methane, degradation of benzoate and the presence of the full metabolic pathways 
required for these metabolic processes to occur. Furthermore, members of the 
enriched communities included known syntrophs such as Syntrophus, which have 
been demonstrated to degrade benzoate, potential syntrophs such as 
Desulfotomaculum and methanogens, namely Methanosarcina, Methanofollis, 
Methanocorpusculum and Methanosaeta. Interestingly, the community compositions 
were not the same. In enrichments with Tyne sediment, two types of methanogen 
were enriched: hydrogenotrophic Methanofollis and acetoclastic Methanosaeta. In 
contrast, in oil sands enrichments, the most abundant methanogen was 
Methanosarcina. Methanosarcina spp are known for their versatile metabolism. They 
can utilise nine substrates including acetate, H2, CO2 and compounds containing a 
methyl group (methylamines, methanol, or methyl sulphides) using all three known 
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pathways of methanogenesis. It is noteworthy that in the methanogenic oil sands 
enrichments, genes encoding enzymes involved in methylotrophic methanogenesis 
were found in high abundance, and in the Tyne sediment enrichments the same 
genes were present but in low abundance. The lesser availability of substrate in the 
environment with crude oil could impose selective pressure on the microbial 
communities giving an advantage to methanogens with more versatile metabolisms 
such as Methanosarcina. The primary benzoate degrader in enrichments with Tyne 
sediment was Syntrophus, most likely Syntrophus aciditrophicus as was suggested 
by 99% sequence identity. In oil sands enrichments the supposed primary benzoate 
degrader was an unknown species of Desulfotomaculum.  
Contrary to expectations, syntrophic acetate oxidisers did not seem to take part in the 
degradation of benzoate in Tyne sediment enrichment cocultures, as they were not 
enriched. Syntrophic acetate oxidisers (e.g. Syntrophomonas) were not found in 
abundance in Tyne sediment cocultures with benzoate. Instead, the conversion of 
acetate into hydrogen and carbon dioxide appeared to be mediated by acetoclastic 
methanogenesis, which utilised acetate directly as has been demonstrated by the 
enrichment of acetoclastic methanogens Methanosaeta and Methanosarcina. 
In the oil sands, syntrophic acetate oxidation was likely to have been carried out by 
the known acetoclastic methanogen Methanosarcina. However, it was also 
conjectured that unclassified Sphingobacteriales clone WCHB1.69 could have taken 
part in the acetate utilisation.  
Despite the differences in the microbial community composition the same four 
pathways were found in both sets of methanogenic enrichments, namely the 
benzoate degradation pathway and hydrogenotrophic, acetoclastic and 
methylotrophic methanogenesis pathways. This suggests that the functional 
capabilities of the microorganisms in different environments remain constant but the 
communities might vary from one environment to another. 
The fifth objective was established to investigate the effect of sequencing platform 
(Illumina MiSeq and Ion Torrent PGM) on the communities and their functional 
capabilities. The conclusion was that the outputs from Illumina and Ion Torrent data 
are similar but not identical. In our non-rarefied datasets, Illumina reports about eight 
times as many OTUs as Ion Torrent. The difference was attributed to the known 
differences in sequencing depth. Analyses of the community composition data from 
the experimental groups obtained using Illumina MiSeq or Ion Torrent sequencing 
found differences in the composition of the samples with and without the 
methanogenic inhibitor BES. In the incubations treated with BES, methanogenic 
archaea were nearly absent, while methanogens were enriched in the methanogenic 
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incubations. Data from both sequencers agreed that the diversity of the microbial 
community in the first enrichments was greater than in the final enrichments. 
However, certain conditions which could have introduced biases into the results 
should be taken into account and kept constant in future work. These biases include 
PCR primers, the number of PCR cycles, differences in the sequencing depth known 
to occur between different sequencing technologies and the bioinformatics workflow. 
6.2 Future work recommendations 
Community composition analysis has demonstrated that different microorganisms 
were enriched in the incubations with benzoate under methanogenic conditions using 
inoculum from two contrasting environments, namely sediment from the River Tyne 
and oil sands enrichment. Genes taking part in methane production pathways and 
benzoate degradation identified in both experiments indicate conserved functional 
potential of these distinct communities. 
Additional chemical analysis would help to establish the intermediate products of 
benzoate degradation. These include measurements of fatty acid e.g. acetate, and 
also hydrogen concentrations. Radiolabelled benzoate or 13C stable isotope analysis 
could help to establish the intermediate products formed during the syntrophic 
degradation of benzoate in the enrichments with Tyne sediment and oil sands. 
In addition, further investigation of the community dynamics using quantitative 
polymerase chain reaction (qPCR) would offer a unique advantage in allowing the 
quantification of selected groups of microorganisms at various taxonomic levels. 
Variations in abundance, rather than presence and absence, of the microorganisms 
involved in syntrophic biodegradation would be an additional important part of 
analysis especially in the time series investigations of Tyne sediment and oil sands 
incubations. The observed change in the relative abundance of different 
microorganisms in the population could be assessed for their significance.  
Fluorescence in situ hybridization (FISH) using organism specific probes would offer 
an additional quantitative analysis of the bacterial and archaeal cells in the 
community and images of this microscopic analysis would help to identify members 
of the community found in the aggregates in both enrichment cultures. 
Further interrogation of the metagenomic data for interspecies electron transfer and 
direct interspecies transfer (DIET) would help to establish the nature of syntrophic 
interactions found in these two contrasting communities degrading benzoate. 
Enrichment with Tyne sediment has demonstrated high abundance of Methanosaeta, 
previously found to take part in DIET by Rotaru et al. (2014). Genes required for a 
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carbon dioxide reduction pathway were present in high abundance suggesting that 
Methanosaeta in Tyne sediment enrichments can take part in DIET. The next step 
would be to look for gene encoding PilA, which is a structural protein for electrically 
conductive pili demonstrated by Rotaru et al. (2014) to be involved in DIET, and other 
genes involved in the electron transfer that may be implicated in DIET. 
Dissimilatory sulphate reducing prokaryotes are a highly diverse group of anaerobic 
bacteria ubiquitous in nature. They play an imperative role in the global cycling of 
carbon and sulphur. Sulphate reducers are metabolically versatile and can grow 
syntrophically with methanogens. Particular interest is shown in Desulfotomaculum, 
which was found in high relative abundance in the methanogenic oil sands 
enrichments. It was not possible to establish with certainty its role in the degradation 
of benzoate in the methanogenic oil sands enrichments. Further study of this 
microorganism could be carried out by isolation and development of pure culture. 
Cocultures could be established with a hydrogenotrophic methanogen in the absence 
of sulphate using substrates such as acetate and benzoate. Sulphate-limiting 
monocultures could be also attempted to investigate whether this bacterium can only 
grow syntrophically. Samples for transcriptomic and genomic analysis should be 
taken to investigate its metabolic potential further. 
Metagenomic data generated during the course of this PhD could be further 
interrogated, paying particular attention to the genes involved in electron transfer and 
energy generation since previous work has demonstrated an up regulation of these 
genes in a sulphate reducing microorganism Desulfovibrio vulgaris grown in 
coculture with hydrogenotrophic methanogen Methanococcus maripaludis (Walker et 
al., 2009). 
Metagenomic analysis carried out by Tan et al. (2015) compared three hydrocarbon 
degrading methanogenic cultures from two geologically distinct environments 
containing different hydrocarbons as substrates to each other to determine whether 
these differences can influence genetic potential and microbial community 
composition of the samples. The metagenomes derived from these samples were 
also compared to 41 other environmental samples. The results showed that the three 
cultures were functionally most similar to each other. However, they were distinct 
from the samples from other environments, including the environments from which 
the samples came. The functional similarity of the hydrocarbon degrading cultures 
investigated by Tan et al. (2015) suggests that further study of such cultures can 
provide important information about syntrophic processes which are environmentally 
important. The results provided a basis for further understanding of key functions and 
influence of environmental selection in methanogenic communities associated with 
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hydrocarbons. With this in mind performing comparative analysis of the metagenomic 
data generated during the course of this project would also help to establish the 
significance of the syntrophic processes found in the enrichments from the two 
contrasting environments on the basis of their metabolic potential and whether these 
enrichments have a genetic potential similar to other hydrocarbon associated 
environments.  
Valuable information clarifying how anaerobic syntrophic consortia participate in 
hydrocarbon metabolism could be provided by analysis of the community 
composition and of metabolic potentials in the methanogenic incubations containing 
crude oil. Microbial communities in both the heavily biodegraded crude oil and the 
light undegraded North Sea crude oil enrichment cultures could be analysed. The 
results that might be generated from the proposed analysis would be crucial to 
understanding the natural attenuation of contaminants and the development of 
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A. Appendix A: Detailed steps of DNA extraction using PowerSoil 
DNA Extraction Kit (MO BIO, Calsbad, CA, USA) 
In step 1 of the protocol we add ~500 µl of the sample making sure the tube is not 
overflowing since we are working with liquid and not solid soils.  
Step 2 was carried out according to the protocol of PowerSoil DNA Extraction Kit – 
vortexed the sample. 
Step 3 was carried out according to the protocol of PowerSoil DNA Extraction Kit – 
checked solution C1. 
Step 4 was carried out according to the protocol of PowerSoil DNA Extraction Kit – 
added 60 µl of C1 solution.  
The samples containing solution C1 were incubated on the heating block for 15 min 
at 65° C. After that the samples were briefly vortexed to mix the solution well with the 
sample. 
In step 5 of the protocol MP FastPrep-24 Ribolyser was used at a speed of 4 m s-1 
for 30 sec. 
In step 6 samples were centrifuged at 10,000 x g for 2 min at room temperature. 
In step 7 transfer (650 µl) the supernatant to a clean 2 ml Collection Tube (provided). 
In step 8 250 µl of Solution C2 was added, vortex for 5 seconds, incubate for 1-5 min 
at room temperature. 
Step 9 was done according to the protocol – tubes were centrifuged at room 
temperature for 1 minute at 10,000 x g. 
In step 10 650 µl of the supernatant was transferred avoiding the pellet to the 
provided 2 ml Collection tube. 
In Step 11 200 µl of Solution C3 was added and vortex briefly. The samples were 
Incubate for 5 min at room temperature.  
Step 12 was done according to the protocol – tubes were centrifuged at room 
temperature for 1 minute at 10,000 x g. 
In step 13 675 µl of the supernatant was transferred avoiding the pellet to the 
provided 2 ml Collection tube. 
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Step 14 C4 solution was mixed well. 595 µl of Solution C4 was added twice to the 
supernatant carefully not to exceed rim of tube and vortex for 5 seconds. Incubate at 
room temperature for 5 min whilst preparing the spin filters.  
Step 15 was carried out according to the protocol of PowerSoil DNA Extraction Kit – 
loading of the spin filters three times.  
Step 16 500 µl of C5 solution was added and the samples were centrifuged at 13,000 
x g for 2 min at room temperature. 
Step 17 was done according to the protocol of PowerSoil DNA Extraction Kit – 
carefully discarded the flow through.  
Step 18 centrifuged at 13,000 x g for 2 min at room temperature. 
Step 19 was done according to the protocol of PowerSoil DNA Extraction Kit – 
carefully placed the spin filter into a new 2 ml Collection tube.  
Step 20 was done according to the protocol of PowerSoil DNA Extraction Kit – added 
solution C6 to the centre of the spin filter onto the white filter membrane. 
The collection tube containing the sample was placed into a heating block at 50° C 
for 30 min.  
Step 21 centrifuged the tubes at room temperature at 13,000 x g for 1 min then 
turned the tubes over to the other side repeated the centrifugation step. 
Step 22 was done according to the protocol of PowerSoil DNA Extraction Kit – 
discarded the spin filter, stored the eluted DNA in the freezer at -20° C. 
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B. Appendix B: Steps and commands used in an in house QIIME 
pipeline with sequences generated by Ion Torrent sequencing 
platform. 
These python scripts analyse the data from an Ion Torrent sequencer producing text 
files with taxonomy, relative abundance of the microorganisms, diversity analysis and 
visualisation.  
Prior to the start of the analysis a mapping file was prepared containing metadata 
provided by the user, such as the names of the samples, barcode sequences and 
primer sequences. Further information on the format of the mapping file can be found 
at http://qiime.org/documentation/file_formats.html (Caporaso et al., 2010). The steps 
and commands involved in the analysis were as follows:  
1) Conversion of FASTQ file to FASTA and quality file 
convert_fastaqual_fastq.py 
2) Splitting of the libraries according to the mapping file and removal of the reads 
below 20 quality score with minimum sequence length in nucleotides of 100 and 
maximum number of primer mismatches of 100, bar coded primer golay_12 
split_libraries.py 
3) OTU Picking: trie pre-filter; Userch61 OTU picking; UClust reference OTU 
picking (for the analysis UClust reference OTU picking was used) 
pick_open_reference_otus.py 
4) Alignment of the sequences  
parallel_align_seqs_pynast.py 
5) Filter sequence alignment by removing highly variable regions and creating a 
set of reference sequences 
filter_alignment.py 
6) Removal of Pynast failures from the OUT table  
filter_otus_from_otu_table.py 





8) Filter chimeras from alignment fasta file 
filter_fasta.py 
9) Filter chimeras from OTU table  
filter_otus_from_otu_table.py 
10) Building of phylogenetic tree  
make_phylogeny.py 
11) Core diversity analysis - summary of the identified taxa and generation of the 
taxa plots   
core_diversity_analyses.py 
The default Greengenes database was used for reference alignment 
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C. Appendix C: Steps and commands used in a QIIME pipeline 
with sequences generated by the Illumina sequencing 
platform. 
These python scripts analyse the data from an Illumina sequencer producing text 
files with taxonomy, relative abundance of the microorganisms, diversity analysis and 
visualisation. Mapping file was prepared containing metadata provided by the user as 
specified in the Appendix B. The steps and commands involved in the analysis were 
as follows:  
1) The following command with the FASTQ files of the reverse and forward reads 
for a sample was used for Sickle quality filtering: 
sickle pe -f <paired-end forward fastq file> -r <paired-end reverse fastq file> 
-t <quality type> -o <trimmed PE forward file> -p <trimmed PR reversed file>  
--t sanger -s <trimmed single file> -l 180 -q 20 
-l - fragment length  
-q - quality score 
2) The filtered output FASTQ files of the forward and reverse reads generated by 
Sickle were paired using QIIME. The following command was used:  
fastq-join.py 
3) The files containing paired end reads were converted from FASTQ to fasta file 
with the following command: 
convert_fastaqual_fastq.py  
4) After the files were converted, they were joined into one fasta file and the 
samples were renamed to the format which is identified by QIIME using the following 
command: 
perl. make_combined.pl  
The output mapping file and fasta file were further used to perform QIIME analysis. 
The steps and relevant commands involved in the analysis of the sequencing data by 
QIIME 1.9 were as follows:  








-i, --input_fps - The input sequences filepath or comma-separated list of 
filepaths. 
-o, --output_dir - The output directory. 
-r, --reference_fp - The reference sequences. 
--suppress_taxonomy_assignment - Skip the taxonomy assignment step, 
resulting in an OTU table without taxonomy. 
Steps that are carried out by running this command include: 1) Pick OTUs based on 
sequence similarity within the reads; 2) Pick a representative sequence for each 
OTU; 3) Taxonomy assignment; 4) Align OTU representative sequences; 5) Filter the 
alignment; 6) Build a phylogenetic tree. In the analysis of the data step 3 taxonomy 
assignment was suppresses to use Silva as a database for taxonomy assignment 
instead of default database which is Greengenes.  
6) Run the taxonomic assignment using the rep_set.fna file generated during 
OTU picking step using Silva 119 which has BLAST (Altschul et al., 1997) database 
incorporated instead of UCLUST which is a default in QIIME: 






-i, --input_fasta_fp - Full path to fasta file. 
-o, --output_dir - Full path to store output files. 
-r, --reference_seqs_fp - Ref seqs to blast against. Must provide either 
-blast_db or –reference_seqs_db for assignment with blast. 
-t, --id_to_taxonomy_fp - Full path to id_to_taxonomy mapping file. 
-O, --jobs_to_start - Number of jobs to start. 
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7) Made an OTU biom table using as an input file final_otu_map_mc2.txt 
generated during step 5 and –t option which is path to taxonomy assignment, 
containing the assignments of taxa to sequences from the assigned taxonomy step 
with Silva 119: 
make_otu_table.py -i final_otu_map_mc2.txt -o 
otu_table_mc2_w_taxa.biom –t 
taxa_Silva119/rep_set_tax_assignments.txt 
-i, --otu_map_fp - Path to the input OTU map. 
-o, --output_biom_fp - The output otu table in biom format.  
-t --taxonomy - Path to taxonomy assignment. 
8) After an OTU table was generated it was filtered using the following command 
and options:  
filter_otus_from_otu_table.py i- otu_table_mc2_w_taxa.biom -o 
otu_table_mc2_w_taxa_no_pynast_failures.biom -e 
pynast_aligned_seqs/rep_set_aligned_pfiltered.fasta --
negate_ids_to exclude  
-i, --input_fp - The input otu table filepath in biom format. 
-o, --output_fp - The output filepath in biom format. 
-e --otu_ids_to_exclude_fp - File containing list of OTU ids to exclude: can 
be a text file with one id per line, a text file where id is the first value in a tab-
separated line, or can be a fasta file. 
--negate_ids_to_exclude - Keep OTUs in otu_ids_to_exclude_fp rather than 
discard them. 
9) An output file after the filtering step 
otu_table_mc2_w_taxa_no_pynast_failures.biom was further used 
following 454 tutorial (http://qiime.org/tutorials/tutorial.html) (Caporaso et al., 2010) 
starting with summary of the OTU table: 
biom summarize-table -i otus/otu_table.biom 
10)  Summarised community by taxonomic composition: 
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summarize_taxa_through_plots.py -i otus/otu_table.biom -o 
taxa_summary -m Fasting_Map.txt -c "Type,Description" 
-i, --otu_table_fp - The input otu table. 
-m, --mapping_fp - Path to the mapping file. 
-o, --output_dir - The output directory. 
-c, --mapping_category - Summarize OTU table using this category e.g. 
”Type,Description" or any other categories specified in the provided mapping file. 
11)  Calculated alpha diversity and generated of alpha rarefaction plots: 
alpha_rarefaction.py -i otus/otu_table.biom -m Fasting_Map.txt 
-o arare -t otus/rep_set.tre -e 13684 
 -i, --otu_table_fp - The input otu table. 
-m, --mapping_fp - Path to the mapping file. 
-o, --output_dir - The output directory. 
-t, --tree_fp - Phylogenetic tree. Path to the tree file. 
-e, --max_rare_depth - The upper limit of rarefaction depths. The depth was 
based on the smallest sample established from the summarised OTU table. 
12)  Calculated beta diversity and generated beta rarefaction plots: 
beta_diversity_through_plots.py -i otus/otu_table.biom -m 
Fasting_Map.txt -o bdiv_even13684 -t otus/rep_set.tre -e 13684 
-i, --otu_table_fp - The input otu table. 
-m, --mapping_fp - Path to the mapping file. 
-o, --output_dir - The output directory. 
-t, --tree_fp - Phylogenetic tree. Path to the tree file. 
-e, --seqs_per_sample – Depth of coverage for even sampling. The depth was 
based on the smallest sample established from the summarised OTU table. 
242 
 
D. Appendix D: Illumina quality filtering, assembly and alignment 
of the reads generated for the metagenomic analysis.  
The workflow of the data analysis was as follows: 
1) Downloaded FASTQ files from the Illumina MiSeq sequencer were quality 
filtered using Sickle (Joshi and Fass, 2011) using the following command: 
sickle pe -f <paired-end forward fastq file> -r <paired-end reverse fastq file> 
-t <quality type> -o <trimmed PE forward file> -p <trimmed PR reversed file> -
-t sanger -s <trimmed single file> -l 100 -q 20 
-f forward read 
-r is the reverse read 
-l fragment length  
-q quality score 
2) Assembly and required conversion of the reads for further processing was 
done using IDBA_UD. IDBA is a De Bruijn graph (Compeau et al., 2011) De Novo 
assembler for short sequenced data with highly uneven depth. De Bruijn graph is 
based on short words (k-mers) which is appropriate for the analysis of short reads 
(25-50bp) and high coverage of datasets. IDBA_UD, an extension to IDBA, is 
specialised to process paired-end reads to assemble low-depth regions and use 
progressive depth on contigs to decrease errors in high-depth regions (Peng et al., 
2012) https://github.com/loneknightpy/idba.  
FASTQ output files generated after quality filtering with Sickle were converted to 
fasta files and merged using the following command:  
/home/qiime/Desktop/idba-master/bin fq2fa --merge <file name fastq 
R1_sickle_Q20_L100> <file name fastq R2_sickle_Q20_L100> <output file name.fa> 
Assembly of the filtered and merged reads was done using the following command:  
/home/qiime/Desktop/idba-master/bin/idba_ud -r <file name.fa> -o 
<output directory> 
-r fasta read file  
-o output directory 
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The execution of the above command generates files containing 20, 40, 60, 80, 100 
kmer and final files, contig.fa and scaffold.fa, containing all of the analysed data. The 
contig.fa file was used to submit the data for further processing to IMG.JGI 
(Integrated microbial genomes database and a system for comparative analysis) 
(Markowitz et al., 2012), and the scaffold.fa file can be further processed to generate 
draft genomes. 
3) Quality filtered reads were aligned to the assembled contigs by IDBA_UD 
using a BBMap, which is a short read aligner (Marić, 2015), 
(https://sourceforge.net/projects/bbmap/?source=navbar) (Bushnell, 2014). Default 
parameters were used with the following command: 
bbmap.sh ref=contigs.fa in=QF_reads.fa outu=unmapped_reads.fa 
4) The unmapped reads (unmapped_ reads.fa) generated by the previous step 
were assembled by using Megahit, a different assembler. It is a fast, single-node 
assembler for large and complex metagenomic assembly, which uses a succinct de 
Bruijn graph (Li et al., 2015), (https://github.com/voutcn/megahit). 
The unmapped reads were assembled using the default parameters with the 
following command: 
megahit -r unmapped_reads.fa -o megahit_assembly 
-r input fasta file  
-o output assembled contigs  
The output file was generated with the contigs assembled by the second assembler 
as final.contigs.fa.  
5) BBmap aligner (Bushnell, 2014) was used to map all previously unmapped 
reads (unmapped_reads.fa) to megahit assembly (final.contigs.fa) using default 
parameters.  
Command used: 
bbmap.sh ref=final.contigs.fa in=unmapped_reads.fa 
outu=still_unmapped_reads.fa 
6) The assembled contigs after both assemblies (IDBA_UD and Megahit) were 
carried out and then concatenated with the remaining unmapped reads.  
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Command used:  
cat contigs.fa final.contigs.fa still_unmapped_reads.fa > 
idba_assembly_plus_megahit_assembly_plus_still_unmapped.fa 
The generated output files 
(idba_assembly_plus_megahit_assembly_plus_still_unmapped.fa) were used for 
further analysis by IMG.JGI for gene annotation and comparative analysis (Markowitz 
et al., 2012), (https://img.jgi.doe.gov). 
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E. Appendix E: Sequenced read counts of each sample, 
produced by Illumina and Ion Torrent before and after quality 
check 
The table of read counts of each sample, produced by QIIME for each sequencer 
before after the quality checks have been performed. After quality checks read 
counts show that in every sample the Illumina sequencer produced more reads than 
the Ion Torrent sequencer. 
Read counts for each sample counted separately generated by QIIME analysis for 
each sequencer: 
Analysed samples (triplicates) Ion Torrent Illumina 
(A) Sequenced read counts before quality check 
First enrichment with benzoate (1) 39167 393101 
First enrichment with benzoate (2) 33676 102093 
First enrichment with benzoate (3) 15305 243498 
Final enrichment with benzoate (1) 6183 199347 
Final enrichment with benzoate (2) 4095 192998 
Final enrichment with benzoate (3) 12240 119866 
Final enrichment with benzoate and BES (1) 5392 102992 
Final enrichment with benzoate and BES (2) 5684 164515 
Final enrichment with benzoate and BES (3) 9637 226881 
Total 131379 1745291 
(B) Sequenced read counts after quality check 
First enrichment with benzoate (1) 30068 161211 
First enrichment with benzoate (2) 25067 41036 
First enrichment with benzoate (3) 11186 95072 
Final enrichment with benzoate (1) 4160 93910 
Final enrichment with benzoate (2) 2736 73021 
Final enrichment with benzoate (3) 8531 59344 
Final enrichment with benzoate and BES (1) 4388 47001 
Final enrichment with benzoate and BES (2) 4775 73316 
Final enrichment with benzoate and BES (3) 7888 96575 
Total 98799 740486 
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F. Appendix F: Percentage of the abundant OTUs found in the 
section of the Venn diagram 
Percentage of the abundant OTUs found in Illumina and Ion Torrent datasets shown 
as the relative complements of the Venn diagram. An OTU which incurs 50 or more 
reads is regarded as abundant:  
Samples  Percentage of the high abundant OTUs found in the relative 






Ion Torrent relative 
complement (%) 
First enrichment with 
benzoate (1) 
36 90 37 
First enrichment with 
benzoate (2) 
26 82 35 
First enrichment with 
benzoate (3) 
36 85 31 
Final enrichment with 
benzoate (1) 
61 98 31 
Final enrichment with 
benzoate (2) 
53 97 16 
Final enrichment with 
benzoate (3) 
53 95 50 
Final enrichment with 
benzoate +BES (1) 
36 96 36 
Final enrichment with 
benzoate +BES (2) 
35 97 26 
Final enrichment with 
benzoate +BES (3) 
35 97 29 
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G. Appendix G: Sequence alignments of Ion Torrent sequences 



















H. Appendix H: Heatplots 
The similarities and dissimilarities between the relative abundances of 
microorganisms detected by the two sequencers at different levels of classification 
are demonstrated in the heatplots. The heatplots show the abundance of certain 
microorganisms present in one sample compared with their abundance in other 
samples, but not their abundance relative to other bacteria in the same sample. Each 
column of the heatplot represents a different microorganism and each row represents 
a different sample. The nine rows numbered 1 to 9 represent measurements based 
on the Illumina sequencer while the nine rows numbered 10 to 18 represent 
measurements based on the Ion Torrent sequencer. Note that the phylum level 
diagram shows the samples in a different order from the other diagrams. The 
dendograms above and to the left of the heatplot show relationships between the 
microorganisms (above) and between the samples (left). Coloured bars on the left of 
the heatplot show the grouping of the samples by experiment. The colour of each cell 
indicates the relative abundance of the microorganism, with blue denoting low 
abundance and brown denoting high abundance. The histogram shows the 





























I. Appendix I: Relative Abundances 
Average relative percentage abundances across 9 samples generated by QIIME 
analysis for each sequencer: 
Micro-organisms Average Relative percentage abundance (%) 
Ion Torrent Illumina 
Firmicutes 20.9 9.5 
Firmicutes “Other” 0.2 0.8 
Clostridia 19.6 8.7 
Clostridiaceae 5.1 0.9 
Syntrophomonadaceae 4.6 1.7 
Proteobacteria 33 36 
Deltaproteobacteria 26 31.7 
Syntrophaceae 8.1 13.4 
Desulfomicrobiaceae 15.1 12.6 
Desulfovibrionaceae 0.2 0.2 
Alphaproteobacteria 1.2 0.8 
Betaproteobacteria 1.3 0.5 
Epsilonproteobacteria 0.1 0.1 
Gammaproteobacteria 4.2 1.8 
Bacteroidetes 6.9 9.1 
Bacteroidetes “Other” 0.1 0.5 
Anaerolinea 2.5 3.1 
Anaerolinaceae 1.6 2.2 
Euryarchaeota 6.1 13.9 
Methanomicrobia 4.0 11.8 
Methanosarcinaceae 0.6 3.7 
Methanocorpusculaceae 1.9 6.3 
Synergistetes 4.6 1.7 
Thermovirgaceae 3 1.3 
Other micro-organisms   
Bacteria “Other” 1.8 8.9 
H-178 1.8 2.8 
Enterobacteriaceae 1.7 0.0 
Dietziaceae 1.4 0.0 
OP8 0.5 0.3 
Cloacamonales _SHA-116 0.4 0.3 
MSBL9 0.5 0.3 
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J. Appendix J: Diversity Indices 
The results of the diversity indices calculated using the rarefied OTU dataset for Ion 
Torrent. The OTU dataset was rarefied to the smallest sample generated by the Ion 


































4.373618 0.9465041 18.693023 176.6029 
Final enrichment 
with benzoate 
and BES (1) 
3.661295 0.8538319 6.841438 137.5223 
Final enrichment 
with benzoate 
and BES (2) 
3.660981 0.8374032 6.150184 134.6608 
Final enrichment 
with benzoate 
and BES (3) 
3.966906 0.8926491 9.315248 158.7997 
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Diversity indices calculated using the rarefied OTU dataset for Illumina. The dataset 



































4.738444 0.9575024 23.530749 351.6734 
Final enrichment 
with benzoate 
and BES (1) 
4.682138 0.9011165 10.112908 479.989 
Final enrichment 
with benzoate 
and BES (2) 




4.830633 0.9209375 12.648218 511.1005 
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K. Appendix K: Rarefaction Curves 
The curves were constructed for individual sequencers using the OTU table rarefied 
to the smallest sample. For Ion Torrent sequencing platform, the size of the smallest 
sample was 2736 and for Illumina 41,036.  
Ion Torrent rarefaction results: 
Sample 
Final enrichments with 
benzoate 
Final enrichments with 
benzoate and BES 




10 11 12 13 14 15 16 17 18 
Species 
richness 
544 457 933 559 597 849 3081 2978 2007 
Rarefied  436.3 457 499 418.3 427.5 457.1 842.4 863.6 866.2 
Coverage 
(%) 
80.20 100 53.5 74.8 71.6 53.8 27.3 29.00 43.2 
 
 
A scatterplot (left) and rarefaction curves (right) showing data relating to observations 
made with the Ion Torrent sequencer. Each sample is shown separately. The 
scatterplot shows the numbers of species attributed to each sample before and after 
rarefaction. The rarefaction curves show for each sample the estimated number of 
species that would be found in sub-samples of various sizes. By plotting a vertical 
line at the size of the smallest sample, the richness of every sample is estimated. 
Horizontal lines plotted through the points of intersection are used to estimate the 
number of species that would be found in a sub-sample of the size of the smallest 
sample. The labels/colour on each rarefaction curve are sample numbers: 10-12 are 
final enrichments with benzoate, 13-15 are final enrichments with benzoate and BES, 
and 16-18 are the first enrichments with benzoate.  
260 
 




Final enrichments with 
benzoate and BES 
First enrichment with 
benzoate 
Sample number 1 2 3 4 5 6 7 8 9 
Species 
richness 
8133 8053 6205 6655 9018 11427 24534 9054 16938 
Rarefied  5406 5924 5270 6224 6563 7267 11751 9054 11037 
Coverage (%) 66.47 73.56 84.93 93.53 72.77 63.60 47.90 100 65.16 
 
 
A scatterplot and rarefaction curves showing data relating to observations made with 
the Illumina sequencer. The labels/colour on each rarefaction curve are sample 
numbers: 1-3 are final enrichments with benzoate, 4-6 are final enrichments with 
benzoate and BES, and 7-9 are the first enrichments with benzoate. 
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L. Appendix L: Sequence alignment of abundant archaeal and 
bacterial OTUs 
These diagrams show the sequence alignment of the most abundant archaeal and 
bacterial OTUs, namely Methanosaeta, Methanosarcina and Syntrophus OTUs  











































M. Appendix M: Summary of metagenomic data after analyses in 
MG-RAST 







































915166 4037705 1863726 850941 1487186 1865955 
Post QC: 
bp Count 

























































332987 304523 336664 316821 326211 227147 
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N. Appendix N: Pathways used in methane metabolism 
Pathways used in methane metabolism (A) and benzoate degradation (B) found in 
methanogenic Tyne sediment final enrichment with benzoate (IMG JGI).  
  
(A) Methane metabolism, genes found in the analysed metagenomes. Section 
highlighted in red are of a particular interest, showing the genes found (purple) for 




(B) Benzoate degradation, genes found in the analysed metagenomes. Section 
highlighted in blue are of a particular interest, showing the genes found (purple) for 
degradation of benzoate in the final enrichment. 
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O. Appendix O: Summary of the metagenomic data after analyses 
in MG-RAST Oil sands benzoate enrichments IntMG 
Summary of Metagenomic data Oil sands initially methanogenic final enrichments 
with benzoate: 








Upload: bp Count 994341928 897360441 861628260 
Upload: Sequence 
Count 
3943138 3935827 4294990 
Upload: Mean 
Sequence Length bp 
252 ± 80  228 ± 89 201 ± 96 




572455 551528 426168 
Post QC: bp Count 579721784 551226742 440780138 
Post QC: Sequences 
Count 
3075240 3130415 3206103 
Post QC: Mean 
Sequence Length bp 
189 ± 79 176 ± 76 137 ± 67 
Post QC: Mean GC 
% 
45 ± 8 45 ± 9 51 ± 10 
Processed: Predicted 
Protein Features 
790320 840556 974095 
Processed: Predicted 
rRNA Features 
189540 217793 351649 
Alignment: Identified 
Protein Features 
318240 321832 365672 
Alignment: Identified 
rRNA Features 




256005 259319 296514 
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P. Appendix P: Summary of the usage of enrichments 
Table showing in which chapters each enrichment culture is discussed and analysed: 
Enrichments Chapters in which enrichments are 
described 
Tyne sediment with crude oil (North 
Sea PM0, heavily biodegraded PM3 
crude oils) 
Chapter 5 
Tyne Sediment with benzoate original 
incubations (referred to as first 
enrichment in Chapter 3) 
Chapter 3 and Chapter 4 
Tyne Sediment with benzoate primary 
enrichment (referred to as final 
enrichment in Chapter 3) 
Chapter 3 and Chapter 4 
Tyne Sediment with benzoate 
enrichment 2 
Chapter 4 
Tyne Sediment with benzoate 
enrichment 3 
Chapter 4 
Tyne Sediment with benzoate 
enrichment 4 
Chapter 4 
Tyne Sediment with benzoate 
enrichment 5 
Chapter 4 
Tyne Sediment with benzoate 
enrichment 6 (referred to as final 
enrichment in Chapter 4) 
Chapter 4 
Oil sands with crude oil (North Sea 
PM0, heavily biodegraded PM3 crude 
oils) 
Chapter 5 
Oil Sands (Referred to as T0 or Initial 
oil sands sulphate 
reducing/methanogenic in Chapter 5) 
Chapter 5 
Oil sands with benzoate (Initially 
methanogenic) 
Chapter 5 





Q. Appendix Q: GC-MS analysis of the n-alkane fraction of 
undegraded North Sea crude oil (PM0) and heavily degraded 
crude oil (PM3) 
The analysis of the n-alkane fraction of undegraded North Sea crude oil (PM0) was 
carried out and kindly provided by Dr Carolyn Aitken of Newcastle University.  
The analysis of the n-alkane fraction of heavily degraded crude oil (PM3) was kindly 
provided by Prof Ian Head of Newcastle University. The analysis was carried out by 
David Rafter and Peter Santosham of Profero Energy Inc. 
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